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The aim of this thesis is to quantify the benefits of selection for resistance to an 
important sheep disease in Britain. Specific aspects addressed are i) the choice of the 
specific disease based on economic costs and potential savings from selection, ii) 
genetic parameters for the disease, such as the heritability (h2) and the genetic and 
phenotypic relationships with production traits, iii) prediction of the response to 
selection on a trait that is measured in only two classes (healthy or diseased), 
accounting for variable exposure and prevalence, and iv) modelling of the combined 
effect of increased genetic resistance and reduced pathogen burden as a result of 
selection. 
It is shown that the major sheep diseases in Britain, in terms of annual costs to the 
British sheep industry are gastro-intestinal parasites, footrot, Chlamydial abortions 
(enzootic abortions of ewes) and Toxoplasmosis, with estimated annual total 
(variable) costs of £84M (f 84M), £24M (E12M), £20M (E1M) and £12M (9M). A 
commercial service for selection against gastro -intestinal parasites already exists in 
Britain and elsewhere, and footrot is identified as an opportunity to make substantial 
savings to the industry. Footrot is a highly contagious disease, caused by the bacteria 
Dichelobacter nodosus, which is influenced by environmental factors. It affects the 
skin between the digits Of a hoof resulting in lameness. Vaccines exist, but are 
expensive and have short protection periods. 
Resistance to footrot has been reported to show additive genetic variability, and this 
is confirmed in this thesis. A total of 4340 Scottish Blackface on 5 farms and 726 
mule ewes in 3 flocks were scored repeatedly for lesions that are indicative of footrot 
by a team at SAC. Results showed that in these adult sheep lesion scores are 
heritable, with the h2 typically around 0.2 (for footrot 0.19 in SBF, 0.12 in mules; for 
severe footrot 0.26 and 0.19 respectively). This simple binary score turned out to be 
as effective as more complex criteria that considered the severity of lesions. 
Phenotypic correlations between successive scores in the same animals were 
generally close to 0, but genetic correlations were higher. The repeatability of footrot 
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lesion scores was very low, i.e. not much higher than the heritability. Therefore 
repeated measures or traits that combine a number of scores on the same animal over 
time are expected to be considerable more effective than single measurements: The 
heritability of resistance to footrot appeared to depend on the prevalence, with higher 
heritabilities at higher prevalences; in the SBF flocks with the highest prevalence 
(0.30) the h2 for footrot was 0.36, compared to 0.06 in the flock with lowest 
prevalence (0.10). Additionally, 1199 weaned SBF lambs in 2 flocks were scored 
once; analyses showed the absence of a genetic component for lesions scores in these 
lambs. 
The relationship between footrot and production was investigated using data from an 
Australian trial in which 1267 Memo sheep were artificially challenged with footrot 
and were weighed on a regular basis over two consecutive trials. A general theory 
was developed describing the relationship between the disease and weight gain, 
defining new traits such as the maximum weight loss as a result of disease. From 
data on animals that were not affected by footrot throughout each trial, normal 
growth curves were calculated and applied to affected animals to predict their growth 
had they remained healthy, so that weight loss as a result of footrot could be 
predicted. Animals with average footrot severity in the two trials suffered weight 
losses of 0.5 to 2.5 kg live weight, but most animals regained lost live weight later as 
footrot healed f011owing vaccination. The estimate of the heritability of the 
magnitude of weight loss, adjusted for the severity of footrot was about 0.30 and 0.15 
in the two trials. In trial 1, when animals were still growing, there was a strong 
negative correlation between weight loss and the weight at the start of a trial (rg= - 
0.67), indicating that at equal severity Of footrot, larger animals cope better with the 
disease. Selection for increased resistance to footrot is therefore expected to lead to a 
lower impact on weight in affected animals, and in general selection for improved 
resistance is predicted not to have any detrimental effects on growth. 
Predictions of the response to selection generally assume that traits are normally 
distributed, or can be transformed to a normal distribution. Special theories exist for 
the prediction of the response to selection on a binary trait (e.g. healthy or diseased), 
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for the case that selection is based only on observations on individuals or the case 
where observations are available on groups of relatives, but not on a combination of 
both sources. In sheep breeding, this combination is very relevant, and a theory was 
therefore developed to predict the response to selection on a binary trait, combining 
own performance of selection candidates and information on relatives. The theory 
generally agreed well with stochastic simulations using a selection index. With a 
disease prevalence between 5 and 25%, a heritability on the underlying scale of 0.3 
and other conditions as typically seen for British sheep, selection on the disease trait 
alone and including half sibs' information is predicted to half the prevalence in every 
round. This conclusion changed only little if account was taken of variation in 
prevalence among flocks or incomplete and varying exposure of animals to the 
disease. Unless exposure was below 40% (i.e. over 60% of susceptible animals 
would appear healthy and be misclassified as resistant), progress is still predicted to 
be over 75% of that with full exposure, so that considerable genetic progress can still 
be made. 
Selection for resistance to an infectious disease not only improves resistance of 
animals, but also has the potential to reduce the pathogen challenge faced by 
contemporaries, especially when the population under selection is the main reservoir 
of pathogens, as is the case for footrot. A model was developed to describe the 
epidemiological cycle that animals in affected populations go through: susceptible, 
latently infected, diseased and infectious, recovered and reverting back to susceptible 
through loss of immunity, and the rates at which animals move from one state to the 
other, alongside effects on the pathogen population. The equilibrium prevalence was 
estimated as a function of these rates. The response to selection for increased 
resistance was predicted using a threshold model and epidemiological models with 
and without reduced pathogen burden. Models were standardised to achieve the same 
genetic response to one round of selection. The model was then applied to footrot. 
The only epidemiological parameters with major impacts for prediction of genetic 
progress were the rate at which animals recover from infection and the notional 
reproductive rate of the pathogen. There are few published estimates for these 
parameters, but plausible values for the rate of recovery would result in a response to 
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selection, in terms of changes in the observed prevalence double that predicted by 
purely genetic models in the medium term (e.g. 2-5 generations). 
It is concluded that footrot is a disease of economic importance, with additive genetic 
variability. Selection for resistance can be effective if based on simple binary scores, 
especially if animals are scored repeatedly. The response to such selection can be 
predicted with a newly developed, theory for binary traits, which also covers 
situations when exposure to infection is variable. Selection for resistance is expected 
to result in animals that can better cope with the disease, in terms of reduced weight 
loss. A new epidemiological model predicts likely responses to selection, showing a 
considerable additional decrease in the prevalence of footrot compared to purely 
genetic predictions. It is concluded that selection for increased resistance to footrot 
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Chapter 1. General introduction 
1.1 Background 
Over the past decades British sheep breeders have successfully applied perfonnance 
recording to genetically improve the efficiency of their flocks. Most emphasis has 
been on increased production in terms of growth rates and higher proportions of lean 
in the carcass in terminal sire breeds (Amer et al., 2007), with the more recent 
introduction of maternal traits in the breeding goal in other breeds (Conington etal., 
2001; Mekkawy, 2008a,b). 
Economic pressure and concerns from society are shifting emphasis to reduction in 
costs of production, increased food safety, improved animal welfare and lower 
carbon footprints (FABRE-TP, 2006). Improved resistance of sheep to disease can, 
in principle, contribute to all these new goals. It is encouraging therefore that there 
are many reports of host genetic variation in disease resistance, for a variety of 
diseases, as well as of a number Of genetic markers or polymorphisms associated 
with variation in resistance (Axford et al., 2000; Bishop, 2003; Archibald and 
Bishop, 2006). 
Within practical British sheep breeding the most notable example of application of 
these opportunities is the selection for scrapie resistance based on PrP genotypes. 
While scrapie is only a minor disease in terms of costs to the sheep industry (Bennet 
and IJpelaar, 2003), a National Scrapie Plan was launched in 2001 because at the 
time there were fears of links with BSE and hence food safety (Defra, 2003). 
Since 2001 British breeders have had the opportunity to select for resistance to 
gastro-intestinal parasites based on faecal egg counts, which is an accurate estimator 
of worm burden and thus resistance (Nieuwhof and Evans, 2002). Similar 
programmes exist in Australia and New Zealand, but uptake seems limited given the 
apparent benefits. Genetic tests for other disease related traits in sheep are available 
in some countries; these include tests for facial eczema (a non-infectious disease), 
gastro-intestinal parasites and footrot. 
Successful programmes to increase resistance to diseases are operated in other 
livestock species. In dairy cattle there is a widespread effort to reduce the incidence 
of mastitis, through selection against high somatic cell counts and clinical mastitis 
(Interbull, 2008), while tests for various genetic defects are also used routinely 
(Nieuwhof et al., 2008). Poultry breeding companies use a marker test for 
susceptibility to Marek's disease (Nieuwhofet al., 2008), while for pigs there are 
tests for resistance to E. coil (Dekkers, 2004). 
A number of genetic markers for production traits have also been used successfully, 
such as tests for meat quality and stress in pigs (Fujii et al., 1991) and double 
muscling in cattle (e.g. Dunner et al., 2003) but these are beyond the scope of this 
thesis. 
1.2 Aim 
Against this background, the aim of this thesis is to identify opportunities for 
selection for increased resistance to infectious diseases in sheep and explore the 
benefits and consequences of such selection for the British sheep industry. 
Given the existing data recording and breeding structures and proven track record of 
the technology, the focus will be on quantitative approaches using phenotypic 
observations and genetic relationships among relatives. 
Compared to the standard production traits, such as growth, resistance to an 
infectious disease has a number of particularities: 
The trait is expressed only if there is a pathogen challenge, and even then animals 
may be affected for only a limited period of time, depending on actual exposure 
to the pathogen, treatment, recovery and development of permanent or temporary 
immunity. 
Diseased animals will affect contemporaries because they are infectious. 
Increased resistance can therefore lead to a lower pathogen challenge for 
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contemporaries, especially when the host species of interest (e.g. sheep) is the 
main source of pathogens. 
Unless an indicator trait with a continuous scale exists (like faecal egg counts) 
disease status is scored in a limit number of classes, often only two 
(healthy/diseased). 
The benefits of increased resistance may be difficult to quantify, as disease costs 
include preventive measures, treatment and lost production, and some measures 
may affect more than one disease. Financial values for animal welfare, food 
safety and environmental impact may be difficult to obtain. 
There is a risk that pathogens adapt to the increased resistance in host species, 
thereby negating some of the benefits of increased resistance. 
There may be a competition for resources between production traits and disease 
resistance, so that increased resistance may be at the expense of production traits. 
Some of these issues, especially those to do with exposure, diagnosis and the 
potentially negative correlations with production, have led to questions with regard 
to the potential of breeding for disease resistance (Stearet al., 2001). Many of these 
issues will be addressed in this thesis. 
1.3 Outline 
In chapter 2 of this thesis, costs of the major sheep diseases in Britain are analysed 
and gastro-intestinal parasites and footrot are identified as the diseases for which the 
greatest benefits would be obtained from increased host resistance. Since a breeding 
programme against gastro-intestinal parasites already exists, there is most potential in 
developing a system for footrot and the thesis further focuses on this disease. 
In chapter 3 a general approach is developed to predict the response. to selection on a 
binary trait (such as affected or' not by footrot) and considering the importance of 
inclusion of scores on relatives. The effect of differences in prevalence among flocks 
and consequences of non-exposure of some animals in the population are 
investigated in chapter 4. 
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Genetic parameters for footrot are estimated in chapters 5 and 6. The issue of the 
relationship between resistance to footrot and growth is addressed in chapter 5, and 
the importance of repeated measurements and flock prevalence is considered in 
chapter 6. 
The additional benefits of improved genetic merit for resistance to footrot through 
decreased environmental pathogen burden are quantified in chapter 7 by means of a 
novel genetic-epidemiological model. 
Chapter 8 contains a general discussion followed by conclusions and guidelines for a 
practical breeding programme. 
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Chapter 2. Costs of the major endemic diseases of sheep in 
Great Britain and the potential benefits of reduction in 
disease impact 
2.1. Introduction 
Diseases of livestock receive increasing interest from both producers, who want to 
control costs, and policy makers interested in animal health and sustainability of 
livestock production. Current costs of diseases in sheep in Great Britain and, 
consequently, opportunities to reduce costs are poorly documented. 
In a survey among farmers, shepherds, veterinarians and others, the Moredun 
Foundation (1997) identified internal parasites, sheep scab and footrot as important 
diseases in sheep. Various types of abortions also ranked high. Bennett and IJpelaar 
(2003) estimated on-farm direct costs for eight contagious diseases, but excluded 
internal parasites, footrot and scab. In their study, highest costs were estimated for 
abortions. Annual on-farm costs of Chlamydial abortions were estimated at £20 M 
(excluding costs to human-health), and for toxoplasmosis at £12 M in Great Britain. 
Whilst there is much data available on disease costs, these data are invariably 
incomplete and do not necessarily indicate the benefits of disease control. Total 
annual costs for medicines and veterinary expenses estimated in 180 ewe breeding 
flocks were £3.80 per ewe in 2002/03 (Promar International, 2003) and £0.48 per 
store lamb in 45 flocks, equating to about £64 M annually for the British sheep 
industry. But this ignores the costs of the farmer's labour and reduced performance. 
McLeod (1995), for instance, shows that in Australia the production losses due to 
gastro-intestinal parasite infestations in sheep are more important than the control 
costs, while for lice and blowfly the opposite holds. However, as pointed out by 
McInerney (1987), the potential costs savings from eliminating a disease do not 
equal the total costs of a disease. Important reasons are that the process of 
elimination will have its own costs, and preventive measures may need to be taken to 
control the disease re-establishing. 
The aim of this study is to estimate the benefits of a reduction in the severity of the 
effects of a disease on individual sheep or in the incidence of a disease for GI 
parasites, footrot and sheep scab to the British sheep industry. First, the total costs of 
these diseases will be estimated using the method used by Bennett and IJpelaar 
(2003) for other diseases. This approach also allows estimation of the benefits of 
reductions in disease incidence or severity of the effects. This thesis will not 
investigate how a reduction in disease incidence or severity can be achieved and 
maintained; it is simply assumed that this is technically possible. 
2.2. Materials and Methods 
In this section we will first describe the method of cost calculation as developed by 
Bennett et al. (1999b), followed by a short description of relevant cost factors for the 
diseases considered and the application of the model to the target diseases. 
2.2.1. Methodology 
The system of Bennett et al. (1 999b) is based on actual probabilities of an animal 
contracting a disease and associated costs of prevention, treatment and reduced 
performance. The costs per animal are then multiplied by the number of animals at 
risk. The cost calculation framework is based on the formula: 
C=L+ T+P 
where: C = total costs per year, L = annual loss in expected output and wasted inputs, 
T = annual treatment costs and P = annual prevention costs. 
The components (T, L and P) are calculated by multiplying the number of animals 
that could be treated or are at risk with the probability of actually being treated or 
affected and the costs per animal. The number of animals at risk normally 
distinguishes between lambs and ewes, but could (if data were available) also be 
used to distinguish between breeds or production systems that are more or less at 
risk. Probabilities and cost estimates will be based on literature values and industry 
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expert opinion. The availability of this information will dictate the degree of 
refinement that is possible. Bennett's calculations are presented in Excel 
spreadsheets 
The division of costs into prevention, treatment and production costs, in principle, 
allows calculation of the effect of reduced disease incidence or severity of disease 
effects. This calculation can be done if we assume that a modest reduction will not 
affect preventive measures, but has a direct effect on treatment costs and production 
losses. 
2.2.2. Relevant cost factors 
A general description of GI parasites, footrot and sheep scab can be found in Martin 
and Aitken (2000). 
Gastro-intestinal parasites are a continuous challenge to lambs which will only 
temporarily be suppressed by anthelmintic treatment. Reduction in performance is 
therefore a part of the costs of the disease, alongside costs associated with 
anthelmintic treatment (medicines and labour). 
Footrot is a highly contagious disease affecting the skin between the digits of a hoof 
resulting in lameness. Vaccines exist, but are expensive and have short protection 
periods (Zhou et al., 2001). Treatment includes footbaths, removal of the affected 
hoof and the use of antibiotics, but it may be necessary to cull affected animals 
(Egerton, 2000). Based on-various surveys (Grogono-Thomas et al. 1998; Wassink 
and Green, 2001; Clements et al., 2002) it is estimated that in Britain about 3% of 
lambs are affected annually, with an incidence in ewes about twice that in lambs 
(Clemens et al., 2002). Recently, a new more virulent form of footrot was identified 
and called contagiOus ovine digital dermatitis (CODD) (Wassink et al., 2003). Little 
is known about the current incidence and costs of CODD and it is therefore not 
included in these calculations. 
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Sheep scab is an allergic reaction of the skin to a mite, which is transmitted from 
sheep to sheep. Estimates of its prevalence suggest that 10% of UK flocks (Farmers 
Weekly, 2003a) or 30% of Scottish flocks are affected (Farmers Weekly, 2003b), but 
the within-flock incidence is unclear. An estimate. in a single flock suggests that 
about 15% of the animals present are affected to the extent that their performance is 
reduced (Sargison et al. 1995). Scab, along with other ecto-parasites can be 
controlled by dipping and injections with endectocides. Dipping has lower costs but 
has environmental and human health implications. 
2.2.3. Data sources and calculations 
The first requirement in the application of the model is an estimate of the sheep 
population at risk. The number of ewes was based on the June 2003 census for 
Wales, Scotland and England, i.e. 16.4 million breeding ewes. The number of lambs 
reared annually was estimated based on an average litter size of 1.09 lamb per ewe 
present, which is commonly used by MLC to predict lamb numbers. 
There are no national statistics for the diseases considered and the annual incidence 
is therefore based on surveys reported in the literature. Where more than one 
estimate exist, the average of a high and a low incidence was used, this was 
particularly the case for footrot. Sheep scab mainly occurs in winter, when about 
30% of lambs born in that year are still present on the farm (Nix, 2003), hence only 
this 30% is considered at risk. 
Estimates of physical losses in production as a result of a disease are limited and vary 
by disease. Where multiple estimates existed, the average of the low and high 
estimate was used. The extent of preventive measures and treatment of infected 
animals were again based on surveys. Where possible data were used from peer-
reviewed scientific literature, but in a number of cases incidence rates, prevention 
and treatment regimes were poorly documented. In such cases estimates were based 
instead on views from specialists, i.e. expert opinion, either in direct consultation or 
as expressed in the farming press. Unit costs of production losses, medicines, labour 
and other items were taken from Bennett and IJpelaar (2003) where available, and 
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otherwise obtained from experts or the Farmpharmacy website 
(www.farmpharmacy.co.uk ). 
Estimates, for reductions in the final weight of lambs due to GI parasite infestation 
range from 6.2 to 23% (Coop et al., 1985; Mackay et al., 1998). The costs for one 
anthelmintic treatment are estimated as £0.20 for medicines (based on 
http://www.farmpharmacy.co.uk ) and £0.1 59 for labour (Bennett disease 
spreadsheets). Anthelmintic usage is based on one survey that indicated that lambs 
are treated.3.5 times and 70% of ewes once annually (Sargison and Scott, 2003). It is 
also assumed that gastrointestinal infestation of ewes does not significantly affect 
pregnancy and lactation. 
It is assumed that ewes infected with footrot will have a reduced lamb output of 18%, 
and the same reduction is assumed for growth in lambs (based on estimates by 
Symons, 1978 and Stewart et al., 1984). Based on various sources, the average cost 
for preventive measures are calculated at £0.85 per ewe (including any lambs present 
at the time). Likewise, treatment costs for affected individuals are £2.24 per lamb 
and £2.42 per ewe, including the costs of culling 3% of affected animals. 
The calculations are based on the premise that infection with sheep scab leads to a 
53% reduction in growth rate (Kirkwood, 1980) and a 10% loss in birth weight 
(Sargison et al., 1995). It is also assumed that dipping and other preventive measures 
are taken on 54% of the animals, costing £0.43 per treatment (Liddel, 2001) plus 
labour (E0. 15 per treatment) and investment in a diptank costs £0.10 per ewe per year 
(Nix, 2003). 
As set out by McInerney (1987), the potential cost savings of eradication of a disease 
are not equal to the total costs. This is particularly true if only a small reduction in 
disease severity (e.g. level of parasite infestation) or incidence is achieved, for 
instance through improved resistance of host animals, because this will not 
automatically lead to a proportionate reduction in preventive measures. For the 
purpose of this study we will assume that a reduction in the severity of the effects of 
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the disease on individual sheep or in the incidence of a disease will only affect costs 
for treatment (including culling) and production losses (these can therefore be 
considered to be variable costs). Since the costs of prevention are not affected by a 
reduced severity or incidence, for our purpose these costs can be considered fixed. 
Benefits of a reduction in disease can then be expressed on a per ewe or per lamb 
basis, by dividing the total variable costs by the number of animals. It should be 
noted that this would be an average at industry level, and not apply equally to all 
flocks. For illustration, benefits of a reduction in disease impact are estimated for a 
10% reduction in disease severity or incidence. 
2.3. Results 
2.3.1. Total costs 
Table 2.1 shows that the total costs for gastro-intestinal parasites, footrot and sheep 
scab are estimated at £84, £24 and £8 million per annum, across the entire British 
sheep industry. The high costs for GI parasites are mainly for loss of growth with 
estimated annual costs of £64 M. The costs of anthelmintic treatment are estimated at 
£20 M. 
The costs for footrot are more evenly spread over the various cost sources; with costs 
for lost performance and treatment of affected animals (including some culling) 
estimated at £7 M and £4 M respectively, while £14 M is spent on prevention, which 
includes footbaths and trimming. 
For sheep scab a 15% proportion of animals (ewes and over-wintered (store) lambs) 
affected within the 10% of affected flocks, in combination with a 53% reduction in 
performance (based on Kirkwood, 1980) gives negligible annual costs of £0.8 M. 
This is in stark contrast with the costs of prevention, estimated at £7.5 M. 
The range of costs figures in Table 2.1. is based on the most extreme estimates and 
reflects the expected minimum and maximum costs associated with each disease. 
These are further described in the Discussion section of this chapter. 
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Table 2.1 Numbers of animals affected and annual cost components for gastro-
intestinal parasite infestations, footrot and sheep scab in British sheep, classified by 
cost type. 
Parameter 	 GI parasites 	Footrot 	Sheep scab 
Number affected (M) 
Ewes - 1.0 0.2 
Lambs 17.9 0.5 0.1 
COSTS(EM) 
Costs of growth reduction 63.7 1.5 0.8 
Costs of reduced lamb output - 5.3 - 
Costs of treatment and control 20.3 3.6 - 
Costs of prevention - 13.9 7.5 
Total costs 84.0 24.4 8.3 
Range ofcosts 48-120 14-37 8-11 
In Table 2.2 costs are broken down into the constituent cost factors; with lost income 
including costs associated with culling of ewes (e.g. for footrot this isEl .2M)). The 
table gives the range of costs based on combining all lowest and all the highest 
estimates for incidence, treatment and effects of the disease. For sheep scab only 
higher estimates were considered. From this table, it is clear that for GI parasites 
labour and medicines play a minor part in the total, whilst lost production makes up 
over three quarters of total costs. For footrot, lost income is still important but less so 
than medicine costs. For sheep scab, the costs of medicines (all preventive) comprise 
60% of total costs. For none of the diseases is labour a major component of total 
costs. 
2.3.2. Impact of reductions 
Based on data published by Coop et al. (1982) and Coop et al. (1985), a near-linear 
relationship appears to exist between infestation level (measured faecal egg count, 
FEC) and reduction in performance. Assuming a linear relationship between FEC, 
performance and anthelmintic requirements, a 10% reduction in FEC levels would 
decrease costs by 10% or £8.4 M per annum. 
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Table 2.2 Annual costs in £ M (range) for gastro-intestinal parasite infestations, 
footrot and sheep scab in British sheep, classified by cost factor. 
Parameter 	 GI parasites 	Footrot 	Sheep scab 
Labour (± M) 
Medicines (± M) 
Structures (± M) 
Lost income (f M) 
Total costs (f M) 
11.7 
8.6 
63.7 (27 -99) 




8.0 (1.8 -16.0) 




0.8 (0.8 —3.7) 
8.3 (8.3 - 11.3) 
For sheep scab the benefits of a reduction in incidence are less clear, because most 
costs are associated with prevention. A small reduction in disease incidence may not 
lead to a lower use of preventive measures, especially if this reduction is equally 
distributed over flocks. A 10% reduction in incidence would therefore only lead to 
cost savings of f 80K per annum. If the small reduction were to be achieved by 
complete elimination of the disease from a small number of flocks (within the same 
geographic area and with adequate biosecurity) then, theoretically those flocks could 
cease preventive measures altogether, and national costs savings would be linear to 
the proportion of flocks no longer taking these preventative measures (assuming 
similar average flock sizes). However, dipping for sheep scab is aimed at a reduction 
of other ecto-parasites at the same time and this will make cessation of dipping less 
likely. 
For footrot, costs are a combination of prevention, treatment and lost performance. A 
small reduction across flocks in the incidence of footrot would reduce treatment costs 
and performance loss, which total £10 M. And for instance a 10% reduction in 
incidence across flocks would therefore have national benefits of £1.0 M annually. If 
this reduction was achieved by eradication of the disease in certain flocks, 
considerable additional benefits could be had by reduction of preventive treatments, 
like footbaths, in these flocks, but in the UK climate eradication seems highly 
unlikely. Hoof trimming would still be required to some extent, even in the absence 
of the disease. 
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Table 2.3 shows the average costs for the three diseases. Total and variable costs are 
assigned to ewes or lambs and expressed per ewe and lamb. As described above, for 
small changes in disease impact it is the variable costs that will be largely affected by 
the decrease in disease impact. 
Table 2.3 Total and variable costs (range) for gastro-intestinal parasite infestations, 
footrot and sheep scab expressed per animal. 
Parameter 	 GI parasites 	Footrot 	Sheep scab 
Average total cost per ewe (E) - 	 1.32 (0.81-1.93) 0.22 (0.22-0.26) 
Average total cost per lamb () 4.70 (2.66-6.69) 	0.15 (0.05-0.27) 0.26 (0.26-0.39) 
Average variable costs/ewe (I) - 	 0.48(0.13 -0.87) 0.00 (0.00-0.04) 
Average variable costs/lamb (E) 4.70 (2.66-6.69) 	0.15 (0.05-0.27) 0.05 (0.05-0.17) 
2.4 Discussion 
This study has provided estimated costs of three major endemic infectious diseases 
of the British sheep industry, using the method described and applied to various other 
diseases by Bennett et al. (1999a) and Benntt and IJpelaar(2003). This system is 
simple and flexible, but has a number of shortcomings, which do not invalidate it, but 
should be borne in mind when calculating benefits of alternative disease controls. 
These include: 
Costs are based on actual costs and include inefficiencies. 
Effects beyond farm gate, for instance on market prices, are ignored (it may 
be expected that eventually consumers rather than producers will reap most of 
the benefits from improvements through lower prices for lamb). 
Costs to animal welfare, human health (zoonoses) and the environment are 
ignored. 
Disease-associated costs cannot always be attributed to one particular disease. 
The total costs are not equal to the avoidable, costs. For instance, eradication 
of the disease does not result in benefits equal to the current costs 
(McInerney, 1987). 
Future developments are ignored (e.g. anthelmintic resistance). 
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Some of these shortcomings were adjusted in later applications by Bennett and 
IJpelaar (2003), especially by including estimates for human health and animal 
welfare costs. We have further tried to avoid inefficiencies, like certain anthelmintic 
treatments of ewes. In particular, the benefits of reductions in disease impact or 
incidence were estimated by only including lost performance and treatment cost, but 
not preventive measures. Benefits that have been ignored throughout are those 
associated with effects of disease on human health, animal welfare and the 
environment. 
Prices for lambs vary from year to year and within a year, due to seasonality of 
production. Prices will also change if any improvements in disease resistance result 
in a significant increase in lamb output. Following Bennett and IJpelaar (2003) we 
have used a border price for lamb of £0.61 per kg live weight. The border price is 
based on global supply and demand, and is less sensitive to changes in British 
supply. For comparison, Amer (unpublished results) based on an analysis of live 
auctions in the UK between 1995 and 2000 calculates that within a season a negative 
trend exists of 7.6 pence per animal per day. Costs of production are 4 pence per 
animal per day (grass fed). At equal prices, the value of faster growth would be £0.26 
per kg at a fixed age and at decreasing prices £0.74 per kg. This is based on healthy 
animals growing 0.156 kg per day and ignores decreased efficiency and carcass 
quality that would occur in animals affected by disease. 
The highest costs for GI parasites are not medicine or labour, but lost performance. 
We used an estimate of 14.6% reduction in live weight, resulting in a cost of £64 M. 
This estimate is based on the average of the lowest (6.2% weight reduction, Coop et 
al., 1985) and highest (23% reduction, Mackay et al., 1998) estimates and the 
average is close to weight reductions estimated by Coop et al. (198 5) of 12% and 
17% for high infestation levels, with or without anthelmintic treatments. The range in 
weight reductions is very wide. This reflects the difficulty in measuring the impact of 
GI parasites on performance. Coop etal. (1982 and 1985) used lambs that were kept 
clean until the start of the experiment at 15 and 17 weeks of age and given exact 
doses of larvae. Mackay et al. (1998) observed effects within a system, so that the 
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challenge and treatments better reflect normal conditions, but they are also less well 
controlled. There is a difference in financial terms between the low and high estimate 
of £72 M annually. The highest cost estimate for GI parasites would therefore be 
£120 M, the lowest £48 M annually, about twice as much as the second most costly 
disease. 
For footrot, the high estimate for the annual incidence was based on the prevalence in 
the month with the highest incidence. Since the average duration of an infection is 
less than a year, this would lead to an underestimate of the true incidence, which is 
the number of new cases occurring over a one-year period. On the other hand, when 
considering costs, the interest is mainly in those infections that lead to reductions in 
performance, be it growth or fertility. Preliminary analysis from a survey (Wassink et 
al., 2001) shows that the distribution of the 'month with the most footrot' was spread 
very evenly over the year. It appears therefore that the risk of acquiring footrot is the 
same for ewes at any stage of the reproductive cycle and lambs of any age, including 
those stages and ages when reproduction and production are affected by the disease. 
The lowest estimate for prevalence of footrot is 2% in lambs and 4.5% in ewes, high 
estimates are 4% and 8% respectively (Grogono-Thomas et al., 1998; Wassink and 
Green, 2001). The extreme estimates for the impact on production are a reduction of 
6.7% as the lowest (Symons, 1978) and 30% as the highest (Stewart et al., 1984). 
Combining all low and all high estimates, the total costs for lost production are 
between £2 M and £16 M. Likewise differences between lowest and highest costs for 
prevention and treatment for footrot of £6 M and £2 M can be calculated. A 
combination of all the lowest estimates gives a lower bound to the costs of £14 M 
and similarly the upper bound costs are £37 M. 
The incidence and effects of scab are poorly documented and those available most 
probably present an underestimate of the real costs. If we accept the estimate of 10% 
of flocks being infected, but with a much higher prevalence of infection within these 
flocks, e.g. 60% rather than 15%, this will quadruple the losses, but only from £0.8 
M to £3.0 M. And this is based on a 53% growth reduction, considerably higher than 
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the estimate by Rehbein et al. (2000), who report a 39% reduction in growth. In 
absence of data, no estimates were included for losses of lambs, be it through non-
conception, abortion or pre-weaning deaths, but this may not have a great impact. 
For instance, if 10% of the 1.5% affected ewes lose a litter, this would cost just £700 
K per annum. It seems likely therefore that other important effects of scab exist that 
are yet to be well documented. If a new Moredun survey undertaken in 2004 
confirms the high ranking of scab, this would warrant further investigations into the 
impact of this disease. 
The classification of costs in different factors, like labour, medicines, structures and 
lost production, allows a closer analysis of the sensitivity of the results to factor 
costs. For instance, the costs of farm labour are difficult to estimate, and will depend 
on the possibilities of finding alternative use. The value may be zero if no 
alternatives are found, but can be considerable if labour is the limiting factor with 
regard to expansion of production. Table 2.2 shows that labour costs make up a small 
proportion of total costs, and uncertainties about its value are therefore of limited 
importance. In the case of GI parasites costs of medicines, which may be difficult to 
estimate due to the wide variety of products on offer, play a minor role, but for most 
other diseases medicine costs are important. As is clear from the estimates for 01 
parasites, and as discussed above for sheep scab, lost production can be by far the 
most important source of costs. However such costs are poorly documented and 
economic analyses of sheep diseases should therefore focus on improved estimates of 
production losses. 
It is instructive to compare our estimated disease costs to those obtained by different 
methods. The total costs of prevention, treatment and control for the three diseases 
considered, i.e. total costs excluding lost production, are £51 M per annum. Bennett 
and co-workers (http://www.apd.rdg.ac.uklAgEconllivestockdisease/sheep/Sheep  
disease spreadsheets.xls) estimate the prevention, treatment and control costs for 7 
diseases at £39 M per year, bringing the total to £90 M annually. This is somewhat 
more than the estimate of64 M from Promar International (2003), a company that 
collects financial data, including the total costs for veterinary interventions and 
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medicines. An important part of the difference is farm labour, which Promar 
ignores, and is estimated at £17 M for the three diseases considered in this study and 
another £6 M for the diseases considered by Bennett and IJpelaar (2003) (corrected 
for 2003 ewe and lamb numbers). We consider that Bennett and IJpelaar (2003), by 
assuming a 24.5% vaccination rate overestimate the costs of Chiamydial abortion by 
£8 M annually. Taking this into account, it is estimated that £5 M of the annual costs 
suggested by Promar International could be attributed to other treatments and 
diseases, inefficiencies and costs that cannot be assigned to one particular disease, 
like flock health plans. 
A broad ranking of the perceived importance of various diseases and health 
conditions was given by a survey undertaken by the Moredun Research Institute. The 
Moredun survey (Moredun, 1997) was conducted among 3303 members of the 
Moredun Foundation and the ranking was based on 972 responses to the question: 
'Which of the following do you recognise as the five major threats to animal health 
and welfare?' Scores for each disease were calculated by weighting first ranking with 
5, second with 4 etc. The highest ranking perceived threats were: sheep scab, footrot, 
anthelmintic resistance, Chiamydial abortion, pasteurellosis, parasites (internal), 
nutritional deficiencies and toxoplasmosis. The list of threats included 'anthelmintic 
resistance' and 'parasites (internal)' as separate categories, however these could be 
considered to be different manifestations of the same issue. The combination of these 
two would rank third in the most conservative approach (assuming the same people 
scored the two with similar ranks), or first if the respondents chose only one category 
and not the other. 
The question asked in the Moredun survey used the word 'threats' and included 
animal welfare, this may lead to a different ranking from the purely economic 
approach used in this study and by Bennett and IJpelaar (2003), and would probably 
include a risk factor. There is a general agreement of the importance of gastro-
intestinal parasites and footrot relative to Chlamydial abortion, toxoplasmosis and 
pasteurellosis. However, sheep scab ranks differently using the two approaches, 
ranking highest (or second highest) in the Moredun survey, but only seventh in 
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combined results from Bennett and IJpelaar (2003) and the current work. One reason 
for this may be that, at the time of the survey, the prevalence of sheep scab had 
increased rapidly after the deregulation of dipping, and it may therefore have been 
perceived as more of a threat than costs alone would justify. 
The secondary aim of this study was to ascertain potential cost savings from 
reductions in severity or incidence of the various diseases. This is different from the 
total costs of a disease, and should help to focus efforts on diseases with highest 
potential for cost savings. The actual mechanism of reduction is beyond the scope of 
this study, and consequently so are the costs associated with the technology used to 
reduce disease impact. However, it is essential that such costs are included before 
decisions are made. 
Throughout, costs have been divided into preventive measures and costs of an animal 
actually having contracted the disease. Gastro-intestinal parasites affect essentially 
all grazing animals, and this is unlikely to change. Improvements would therefore 
need to come from lower worm burdens. The only available estimates suggest a 
linear relationship between worm burden and costs (and zero costs at zero worms), 
and a linear relationship was therefore assumed between FEC and costs. For the 
other diseases, reductions in the number of animals affected has to be the main goal, 
and as costs per affected animal are fixed this reduction gives a proportionate 
reduction in lost production and treatment costs. This type of disease is more 
amenable to eradication, especially at flock level, and the potential cost savings from 
eradication may therefore approach total costs, with the exception of the costs of 
eradication itself and continued efforts to stop reintroduction. 
2.4.1. Conclusions 
Of the sheep diseases considered, infestation with gastro-intestinal parasites had the 
highest estimated costs of £84 M per year (range 48-120 M per year). If the 
assumptions underlying the calculations are correct, cost savings that can be made 
are linear with infestation levels. The second most costly disease, of those 
investigated, is footrot with total annual costs estimated at £24 M (range 14-37 M). A 
ii: 
reduction in incidence of footrot will not have a linear response in benefits, because a 
proportion of costs are for preventive measures, and this will have to be maintained 
unless the disease is completely eradicated from certain flocks. For instance, a 10% 
reduction in incidence, spread equally across affected flocks, would lead to predicted 
annual savings of 1.0 M. There appear to be few direct economic benefits from 
small to moderate reductions in the incidence of sheep scab, because most 
identifiable costs are for preventive measures. 
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Chapter 3. Prediction of the response to selection on a 
binary trait measured in candidates and their half sibs 
3.1. Introduction 
Selective breeding has been applied successfully to many species and traits. The 
accuracy of selection and the genetic progress can be predicted if traits are normally 
distributed, such that regression equations are linear, or can be transformed to a 
normal distribution. For certain traits, like litter size or diseases, traits are scored in a 
limited number of classes and often only in two, for instance affected and healthy. 
An example of such a disease is footrot in sheep. In Chapter 2 it was shown that this 
disease causes important losses to the British sheep industry, even though prevalence 
is normally low at 5 to 10%. Since susceptibility to footrot is known to be heritable 
(Raadsma et al. 1994), there is opportunity to reduce the incidence of footrot through 
selective breeding. Nieuwhof and Bishop (2005a) estimated that in a multitrait 
selection programme, including the standard production and reproduction traits, the 
genetic progress from one round of selection in resistance to footrot would lead to 
annual savings of f2.7 M per year for the British sheep industry if applied by all 
breeders. Since they ignored the binary character of the trait this is probably an 
overestimate (Falconer and Mackay, 1996). At a low prevalence, limited information 
is available for effective selection on own performance, and the challenge is to 
combine observations on the candidates for selection with information on their 
relatives. 	 . 
The potential for selection on binary traits can be calculated, as a first approximation, 
by ignoring the fact that the trait is discrete and assuming that the regression is linear. 
This prediction breaks down, however, increasingly as selection becomes more 
intense and the trait more highly inherited (McGuirk, 1989). An alternative is to use 
a threshold model, in which it is assumed there is an underlying normally distributed 
trait ('liability') and that there is a threshold value, above which the observed trait 
has one value (e.g. affected) and below it the other (e.g. healthy). Under this model, 
the regression of breeding value on phenotype or of offspring on parent is linear on 
the liability scale, and the response to selection on the observed scale can be obtained 
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from normal integrals. Robertson and Lerner (1949) and Dempster and Lerner (1950) 
developed this concept and showed the relationship between heritability on the 
observed scale and that on the liability scale. 
For selection on own performance, the response can be predicted based on the 
heritability of the liability and the effective selection intensity (Falconer and Mackay 
1996). The effective selection intensity depends solely on the proportion of 
candidates with the desirable phenotype (i.e. healthy) if only healthy animals are 
selected. If all healthy and some diseased animals are selected it is the average of the 
selection intensities in the two groups, weighted by the number of animals in the two 
groups. 
Foulley (1992) extended the prediction of genetic progress to more general cases, 
illustrated for half-sib groups, assuming that true genetic merit and estimated 
breeding value for the trait have a joint normal distribution. The latter will clearly not 
be the case if a breeding value for a binary trait is based on only one or a few 
observations, but it will become an increasingly good approximation if there are 
observations on large sets of half-sibs. 
In meat sheep breeding schemes, information will generally be available on a variety 
of relatives of both sexes, including parents, grandparents, full and half sibs, and the 
animal itself. While this should contribute to the accuracy of selection and genetic 
progress, predictions of genetic progress for this type of scheme have not been 
developed. The opportunities to increase resistance to disease by genetic selection, 
based on various sources of information and prevalence of the disease are 
investigated in this chapter, including the use of a selection index. A two-stage 
approach, in which initial culling is solely on the animal's own phenotype and 
subsequently information is available on the animals half sibs, is used to predict 
genetic progress. 
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3.2. Material and methods 
3.2.1. Principles 
Robertson and Lerner (1949) showed that the relationship between the heritability of 
a binary trait (ho1 2) and that of the underlying continuous trait or liability, assumed to 
have a standardised normal distribution (hL2), is approximated by: 
hL2  p(l —p)1 2h01 2 	 (1) 
where p is the prevalence of the binary trait and z is the ordinate of the standardised 
normal distribution corresponding top. The term p(1 -p) is the phenotypic variance of 
the binary trait. The response in liability to selection on own performance RL can be 
predicted based on the heritability and the selection intensity (i). In this case I 
depends on the selected fraction (1) relative top, for instance the effective selected 
fractionf is equal to i-p iff(1 - p). The consequent change in the prevalence can 
then be computed from the change in mean on the liability scale, assuming the 
threshold remains constant (e.g. Falconer and Mackay, 1996). In view of the non-
linearity of offspring-parent regression on the all-or-none scale, this is usually a more 
precise prediction of genetic change than simply ihoi 2[p(1 -p)]°5 . 
Foulley (1992) considered selection based on relatives' performance and showed that 
genetic progress R can be predicted as: 
= t{(u±iphL) [(I 40-q) p 2hL21 -05 } — I(u) 	 (2) 
for the cases where selection is for increased (R) or decreased (K) prevalence, with 
1(u) being the cumulative distribution of the standardised normal distribution 
evaluated at the initial prevalence, q is the threshold for the standardised normal 
distribution corresponding to the fraction selected, i is the corresponding selection 
intensity and p is the accuracy of selection. The correction term [] in (2) defines the 
impact of selection on variance in liability in the next generation. Foulley considered 
selection of sires on the performance of their half-sib progeny. In the current study, 
the half sibs, rather than their sires, are the selection candidates, and this can be 
accommodated in (2) by appropriate adjustment of p. 
Falconer and Mackay (1996) show that for combined individual and sibs' 
performance the between family additive and phenotypic variation are rVA and tVp 
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respectively and the within family variations are (1 -r) VA and (1 -t) Vp, with r-relation 
between HS (0.25), t-the intraclass correlation, VA = the additive genetic variance 
and Vp = the phenotypic variance. The accuracy of selection can then be calculated as 
rIH h[1+(0.25-t) 2(l-t 1 (n-1){1+(n-1)t} 1 ]°5 . For a binary trait (l-t)Vp is only an 
approximation of the within family phenotypic variance which is equal to Pw(l Pw) 
with p, being the within family prevalence. This variance is different in different 
families and ifp varies a lot the term (l-t)Vp will be only a poor approximation. 
A pragmatic solution to this is to assume two-stage selection in which, first, healthy 
candidates are selected, and then additional information from relatives is used to 
distinguish amongst equal ranking candidates. Two-stage selection is, in principle, 
less effective than one-stage selection because some animals may incorrectly be 
excluded at the first stage. 
For a normally distributed trait, the genetic variance in liability is reduced as a result 
of selection at the first stage by ii(ii -xi)pi 2 	 (3) 
and the response to selection R = {i'p' + i2102[1 - i1(ii - xi) p 2]°.5 } VA 
0.5 	 (4) 
where x1, i and pj  are the truncation point for selection, the selection intensity and 
accuracy, respectively, at stagej. The reduction in variance also changes the 
heritability in the second stage, with an effect on the accuracy p2. 
For a binary trait, the term iipi VA °5 in (4) is replaced by the rules from Falconer and 
Mackay (1996) to account for selection on OP in the first stage. The second stage 
utilises (2) with the adjusted additive genetic variance according to (3). 
Assuming that a selected fraction off is required after two stages of selection, in the 
first stage all i-p healthy animals are selected. The second stage then depends on the 
relative values of i-p andf 
If i-p  =fthen there is no second stage selection. 
If i-p >f then the second stage selection is among the healthy animals based 
on HS performance 
If 1-p <fthen the second stage selection is among the diseased animals based 
on HS performance 
00 
3.2.2. Simulation procedure 
Properties of these prediction equations, and the degree to which they successfully 
predict accuracies of selection and selection responses, were explored by means of 
simulation. For this purpose, realistic animal populations were based on the typical 
situation for British lamb production breeding flocks. A family structure was 
recreated by simulation of sets of 6 flocks, each comprising 180 ewes having 180 
lambs. In each flock a total of 60 ewes were mated to 3 rams that were also used in 
two other flocks (so-called reference sires), producing 60 lambs. The remaining 120 
ewes were mated to 4 stock rams (30 each), producing 120 lambs. The ewes and the 
stock rams had the same number of recorded offspring in one previous year, but 
reference sires did not. As a result each animal had 59 paternal half sibs, this 
structure with groups of 60 paternal half sibs will be referred to as 60HS. In an 
alternative structure, ten times as many rams was used on the same number of ewes, 
so that groups of only 6 half sibs (6HS) were created. 
The genotypic value of all animals was simulated firstly by random sampling of sire 
effects of the selection candidates from a normal distribution, N(0, 0.25hL2). Progeny 
deviations for 60 half sibs per sire, were then sampled from a normal distribution, 
N(0, 0.75hL 2), assuming random and unrelated dams. A continuous phenotypic value 
P was obtained by adding an environmental component, N(0, 1 - hL 2) to give a total 
variance of liability of 1.0. A binary phenotype PT was formed by establishing the 
threshold value T so that D(T) = p and assigning a value of PT=  0 to all animals 
below the threshold, (healthy) and PT = 1 to those above (affected). 
For the estimation of breeding values, binary phenotypes (PT) were pre-adjusted for 
fixed effects, which were assumed to be only the mean flock prevalence, so that PT' 
= PT -p, i.e. PT'= -p for PT=O  and PT'=i-p for  PT=  i. Weighting factors were 
obtained from standard selection index theory, depending on the scenario using 
either own performance (OP), HS performance or both and the appropriate 
heritability (i.e. ho 1 2), calculated depending on prevalence according to (1). 
Following Falconer and Mackay (1996) for OP the weighting factor was 
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for HS bHs=0.25h0l2n1(1+(n-1)0.25h012) and for the combined selection, the 
weighting on the OP bop=hoi2-r2hoi4(l-hoi2)/(a-r2hoi4)  and on the HS 
.bCHS—rh2 (1-hol 2)/(a-r2hol4), with a=Vp/Vp=(l +(n-l)t)/n, VPn = the phenotypic 
variance of an average of n individuals and the common environmental effect among 
HS is ignored so that t=rh012 . Candidates were selected at random from amongst 
those with identical EBVs. Simulation of each set of flocks was replicated 1000 
times with a given prevalence. 
3.2.3. Parameters 
The heritability of liability was set at 0.3; but a heritability of 0.15 was also 
investigated for a few scenarios to check the importance of variation in resistance. 
Prevalences for the disease ranging from 0.05 to 0.9 were assumed, and the selection 
response for the liability was investigated for selected fractions of 10, 25 and 50%. In 
all cases, animals of the current year's lamb crop that contribute to estimation of a 
breeding value were also candidates for selection. 
3.3. Results 
3.3.1. Accuracy of Breeding Value Estimation 
The correlations between true and estimated breeding value (the accuracy of 
selection), as estimated by standard selection theory, using an underlying heritability 
of 0.3 adjusted for prevalence as in formula (1), as well as that realised based on a 
binary trait are presented in Table 3.1 for the various prevalences and population 
structure scenarios. 
For OP the realised accuracy is essentially equal to the expectation. It must however 
be noted that the estimated breeding values have a binary distribution (values being - 
(1—p)hL 2 and phL2). For the HS scenarios the realised accuracy falls short of the 
expectation, especially at more extreme prevalences and with 60H5. This may be 
because members of large groups of HS are related and their breeding value is 
mainly based on the same information, such that all HS with the same observed 
phenotype have exactly the same EBV. As expected, essentially the same accuracies 
were found for a prevalence of 10 and 90%. Predicted accuracies based on combined 
within and between family selection are close to the realisations. The accuracy for a 
scenario with 60 HS is always considerably higher than that for 6 HS. 
Table 3.1 Expected and realised (s. e.) accuracy of selection (rj .depending on 
scenario and initial prevalence. Expected accuracy is calculated with standard 
selection index theory (including combined between and within family selection) and 
using the heritability for a binary trait 	based on a continuous heritability (hL) 
of 0.3 and the appropriate prevalence. 
Prevalence 	0.05 	 0.10 	 0.50 	 0.90 
Scenario   expected realised expected realised expected realised expected Realised 
OP 	0.259 	0.258 	0.320 	0.320 	0.437 	0.436 	0.320 	0.318 
HS6 	0.140 
OP HS6 0.285 
FIS60 	0.354 
OP HS60 0.420 
(0.029) (0.028) (0.024) (0.026) 
0.138 0.171 0.168 0.224 0.224 0.171 0.168 
(0.038) (0.038) (0.037) (0.038) 
0.288 0.349 0.353 0.467 0.473 0.349 0.343 
(0.033) (0.031) (0.027) (0.030) 
0.336 0.390 0.374 0.432 0.420 0.390 0.371 
(0.075) (0.070) (0.067) (0.069) 
0.406 0.476 0.465 0.563 0.558 0.476 0.463 
(0.064) 	(0.055) 	(0.044) 	(0.054) 
OP = Own Performance, HS6 / HS60 = half sib family size of 6 / 60, OP HS6 / 
HS60 = own performance and a half sib family size of 6/60 
3.3.2. Realised Genetic Merit and Responses to Selection 
For normally distributed phenotypes, including liability, the average genetic merit of 
a selected fraction is predicted to be a linear function of the accuracy; but changes in 
prevalence are not linear because the relationship between liability and prevalence is 
non-linear. 
Table 3.2 shows the average genetic merit on the liability scale of the top 10% 
selected on breeding value, for a continuous trait and a binary trait at different 
prevalences. With the exception of the scenario with a 90% prevalence, the genetic 
merit of the top 10% under mass selection on the binary falls well short of that for a 
continuous trait, in spite of a correct estimate for the accuracy (Table 3.1). This is 
due to the binary distribution of the estimated breeding values. The effect of 5 HS on 
the response to selection is about equal to the effect of OP, while 59 HS have a much 
larger effect, disproportionate to the increase in accuracy (Table 3.1). As predicted 
by Foulley (1992), the selection differential is not symmetrical around a prevalence 
of 0.5. 
Table 3.2 Realised genetic merit (s. e.) on the liability scale of top 10%, selected on a 
continuous trait, or a binary trait with afrequency of the undesirable attribute of 
0. 05, 0.10, 0.50, or 0. 90, depending on scenario 
Continuous Binary 
Prevalence 0.05 0.10 0.50 0.90 
Scenariot 
OP -0.523 -0.037 -0.057 -0.239 -0.491 
(0.05 1) (0.053) (0.054) (0.048) (0.057) 
6 HS -0.256 -0.036 -0.066 -0.201 -0.199 
(0.065) (0.055) (0.055) (0.063) (0.066) 
OP6HS -0.558 -0.067 -0.118 -0.378 -0.516 
(0.052) (0.055) (0.054) (0.057) (0.052) 
60 HS -0.388 -0.263 -0.312 -0.370 -0.365 
(0.125) (0.123) (0.125) (0.127) (0.130) 
OP 60HS -0.607 -0.282 -0.344 -0.503 -0.536 
(0.090) (0.122) (0.121) (0.103) (0.097) 
see Table 3.1 for explanation of scenarios 
Selection on Own performance. Table 3.3 compares the expected response to one 
round of selection of the top 10%, 25% and 50% of both sexes on OP with the 
realised response. When the selected fraction is equal to the proportion of desirable 
phenotypes (prevalence of 0.5 and 50% selected, prevalence 0.9 and 10% selected), 
the expected response is equal to that for selection on the continuous phenotype. In 
the first case, the realised response is also the same, but with a prevalence of 0.9 the 
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response is clearly less, presumably due to correlations among HS. The scenario with 
6HS does not show this effect to the same extent (not shown), nor do scenarios in 
which HS are not considered candidates (Nieuwhof et al., 2006). Also, the proportion 
of healthy animals will only on average be equal to the selected fraction. In 
individual cases where, purely by chance, slightly more healthy animals are available 
this will not improve the selection result, but if there are too few healthy animals 
random selection among the diseased will have a major negative impact on the 
selection differential. Further note that expected and realised responses are the same 
for a prevalence of 0.1 and 0.9 if 50% is selected. 
Table 3.3 Predicted and realised (s. e.) response to one round of selection on Own 
Performance in terms of liability, depending on the selected proportion and original 
prevalence. Expectations are based on standard selection theory assuming normality 
for the continuous trait and the realised selection intensity based on selected 
fractions 	 - 
Selected 	10% 	 25% 	 50% 
fraction 
Prey 	Expected Realised 	Expected Realised 	Expected Realised 
Cont -0.527 -0.523 -0.381 -0.382 -0.239 -0.240 
(0.051) (0.035) (0.028) 
0.05 -0.033 -0.037 -0.033 -0.036 -0.033 -0.035 
(0.088) (0.067) (0.061) 
0.1 -0.059 -0.057 -0.059 -0.058 -0.059 -0.058 
(0.086) (0.067) (0.060) 
0.5 -0.239 -0.239 -0.239 -0.240 -0.239 -0.236 
(0.082) (0.065) (0.063) 
0.9 -0.527 -0.491 -0.176 -0.173 -0.059 -0.056 
(0.106) (0.083) (0.065) 
HS selection. Table 3.4 shows the expected and realised selection response in terms 
of liability based on selection on a continuous trait (the liability) and a binary trait 
with selection in a family of 6 or 60 half sibs. For the continuous trait expectations 
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Table 3.4 Predicted and realised (s. e.) response to one round of selection on HS in 
terms of liability for the scenario with families of 6 or 60 half sibs, depending on the 
selected proportion and original prevalence. Expectations are based on standard 
selection theory assuming normality (jr/HUH) for the continuous trait and on formula 
(2)for the binary traits 
Selected 	10% 	 25% 	 50% 
fraction 
Prev. 	Expected Realised Expected Realised Expected Realised 
6HS 
Cont. 	-0.258 	-0.256 	-0.187 	-0.187 	-0.117 	-0.116 
(0.065) (0.041) (0.030) 
0.05 -0.135 -0.036 -0.098 -0.037 -0.061 -0.038 
(0.077) (0.049) (0.036) 
0.1 -0.164 -0.066 -0.119 -0.067 -0.075 -0.066 
(0.077) (0.051) (0.037) 
0.5 -0.215 -0.201 -0.156 -0.158 -0.098 -0.101 
(0.080) (0.054) (0.038) 
0.9 -0.164 -0.199 -0.119 -0.123 -0.075 -0.067 
(0.084) (0.054) (0.039) 
6OHS 
Cont. -0.437 -0.390 -0.317 -0.300 -0.199 -0.192 
(0.125) (0.085) (0.067) 
0.05 -0.341 -0.263 -0.247 -0.216 -0.155 -0.150 
(0.134) (0.093) (0.071) 
0.1 -0.375 -0.315 -0.272 -0.245 -0.170 -0.164 
(0.136) (0.091) (0.073) 
0.5 -0.415 -0.378 -0.301 -0.288 -0.189 -0.184 
(0.137) (0.097) (0.076) 
0.9 -0.375 -0.362 -0.272 -0.266 -0.170 -0.162 
(0.138) (0.096) (0.073) 
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are very close to realised responses, but with 6HS the binary trait predictions of 
response are generally overestimated, particularly for low prevalence and intense 
selection. There are notable exceptions when prevalence and selected fraction sum to 
1 and to a lesser extent when prevalence is 0.9 and 25% is selected. These are the 
exact cases for which selection on OP gives a relatively good response due to the 
binary character of the trait. With only 5 HS considered, the distribution of EBVs is 
not normal but discrete (with 6 classes) and this has an effect on the selection 
differential. If the heritability of resistance: is ignored, for a prevalence of 0.05 the 
expectation is that on average in 0.95=0.77 of families there are no diseased 
animals. A heritability larger than 0 leads to more extreme families with an even 
higher proportion having no diseased animals. Selection will be random within these 
families. 
With 60 HS the realised selection response is up to 10% below the prediction for the 
continuous trait. This is due to correlations between EBVs of HS, and especially the 
fact that the OP of an animal is ignored for its own EBV. Realisations for selection 
on binary traits are generally well in line with expectations, with discrepancies 
occurring with lower prevalences and selection intensities. 
Figure 3.1 shows the response to selection in terms of prevalence, for the 60 HS 
scenario, highlighting that on that scale the major overestimation occurs with 
moderate prevalences. This difference is due to the non-linear relationship between 
liability and prevalence. A change in liability at extreme prevalences will have a 
much smaller effect than when prevalence is around 0.5. 
Combined OP and HS selection. Table 3.5 gives the selection results in terms of 
liability for the scenarios with observations on the animal and families of 6 or 60 half 
sibs. Predictions are based on combined between and within family selection and the 
two-stage approach. The predictions using the two-stage approach are always closer 
to the simulated response and also more so than when only HS were considered. For 
the OP6HS scenario important over-predictions of liability still occur, specifically 
where a higher selection intensity does not always lead to a higher response. While 
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this pattern is the same as for OP, the actual level of response is doubled compared to 
the OP scenario (Table 3.3), indicating that the 5 HS have contributed, but that there 
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Figure 3.1 Response in prevalence to selection on 60HS depending on original 
prevalence and selection intensity as predicted (pred) and simulated (sim) 
Figure 3.2 shows that in terms of prevalence the two-stage prediction is closer to the 
realised response than the liability would suggest. 
When selection is on OP and 60 half sibs, Table 3.5 shows that the expected 
selection responses in liability based on combined between and within family 
selection is again inferior to the two-stage approach. Two-stage predictions and 
realisations from the simulations show generally good agreement, although some 
over-predictions still exist for low prevalences. Over-predictions occur because both 
the combined between and within family and the two-stage selection procedure 
assume that there is phenotypic variation (and phenotypes on a continuous scale) 
within the groups of HS. At very low and very high prevalences this is very limited, 
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especially for relatives of healthy animals. Selection among these animals will 
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Figure 3.2 Response in prevalence to selection on OP and 6HS depending on 
original prevalence and selection intensity as predicted with a two-stage approach (2 
st) and simulated (sim) 
The combined between and within family method Under-predicts progress for cases 
with high prevalence. This is a direct consequence of the implicit assumption of 
symmetry in response around a prevalence of 0.5, and the method now 
underestimates within family variation, especially for families with more than 
average unaffected animals. 
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Table 3.5 Predicted and realised (s. e.) response to one round of selection in terms of 
liability and resulting prevalence for the scenario with own performance and 
families of 6 or 60 half sibs, depending on the selected proportion and original 
prevalence. Expectations are based on standard selection theory assuming normality 
for the continuous trait and on combined within- and between-family selection 
(Comb.) and two-stage (2 st.)for binary traits. 
Selected 	 10% 	 25% 	 50% 
fraction 
Prevalence Comb. 2 St. Real. Comb. 2 St. Real. Comb. 2 St. Real. 
OP6HS 
Cont. -0.553 -0.557 -0.558 -0.400 -0.404 -0.402 -0.251 -0.253 -0.253 
(0.052) (0.036) (0.028) 
0.05 -0.274 -0.162 -0.066 -0.198 -0.126 -0.067 -0.124 -0.090 -0.067 
(0.078) (0.049) (0.036) 
0.1 -0.335 -0.209 -0.118 -0.243 -0.166 -0.119 -0.153 -0.122 -0.119 
(0.075) (0.052) (0.037) 
0.5 -0.449 -0.379 -0.376 -0.326 -0.319 -0.321 -0.204 -0.239 -0.239 
(0.076) (0.049) (0.035) 
0.9 -0.335 -0.526 -0.516 -0.243 -0.250 -0.258 -0.153 -0.117 -0.120 
(0.073) (0.055) (0.040) 
OP6OHS 
Cont. -0.614 -0.614 -0.607 -0.445 -0.445 -0.441 -0.279 -0.279 -0.277 
(0.090) (0.070) (0.062) 
0.05 -0.403 -0.379 -0.282 -0.292 -0.285 -0.233 -0.183 -0.191 -0.167 
(0.133) (0.092) (0.069) 
0.1 -0.457 -0.420 -0.347 -0.331 -0.318 -0.272 -0.208 -0.216 -0.191 
(0.132) (0.089) (0.070) 
0.5 -0.541 -0.512 -0.503 -0.392 -0.394 -0.392 -0.246 -0.239 -0.259 
(0.116) (0.084) (0.067) 
0.9 -0.457 -0.526 -0.536 -0.331 -0.340 -0.349 -0.208 -0.184 -0.193 
(0.110) (0.091) (0.073) 
Interestingly, in a number of cases the two-stage approach also under-predicts the 
response. This is typically the case when the sum of the prevalence and selected 
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fraction is about equal to 1. In these cases, the two-stage approach actually fails to 
identify the top animals, as in the first stage it selects only healthy animals and 
discards some diseased animals which, based on their HS, are superior to some 
healthy animals. Or in other terms, the two-stage approach ignores the HS 
information and uses only OP. This can be verified by noting that in theses cases the 
two-stage predictions are the same as those for OP in Table 3.3. Another type of 
overestimation occurs when there is a great shortage of healthy animals, and most of 
the selection is on HS among the diseased. At these high prevalences, the distribution 
of EBVs is highly skewed to the left (healthy animals) and more progress will be 
made than would be expected assuming a normal distribution. Figure 3.3 shows that 
in terms of change in prevalence the two-stage approach predicts the response to 
selection very accurately for this scenario, even when the response in liability is not 
predicted accurately. 
The response to selection on OP and 60 HS in terms of liability and change in 
prevalence approximately halves if the heritability is 0.15 rather than 0.30 (Table 3.6, 
Figure 3.4). 
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Table 3.6 Predicted and realised (s. e.) response to one round of selection in terms of 
liability and resulting prevalence for the scenario with 60 half sibs and own 
performance, depending on the selected proportion and original prevalence. 
Expectations are based on standard selection theory assuming normality for the 
continuous trait and on a two-stage approach including formula (2)for binary traits 
for hL2=  0.15 
Selected 	10% 	 25% 	 50% 
fraction 
Prev. 	Expected Realised Expected Realised Expected Realised 
Cont. 	-0.359 	-0.355 	-0.260 	-0.259 	-0.163 	-0.163 
(0.071) (0.053) (0.044) 
0.05 -0.208 -0.165 -0.155 -0.137 -0.102 -0.097 
(0.099) (0.069) (0.051) 
0.1 -0.237 -0.207 -0.178 -0.164 -0.118 -0.112 
(0.100) (0.068) (0.050) 
0.5 -0.289 -0.298 -0.216 -0.226 -0.120 -0.145 
(0.086) (0.060) (0.046) 
0.9 -0.263 -0.294 -0.189 -0.198 -0.107 -0.115 
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st) and simulated (sim) with heritability for liability (hL2) = 0.15 
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3.4. Discussion 
In this study the response to selection on a binary trait was investigated for various 
scenarios combining different selection intensities and diseases prevalences. A 
method of predicting the response to selection based on two-stage selection theory 
was proposed. Results were verified using simulation. 
There is a great variation in responses to selection in the various scenarios. As is 
normally the case in selection programmes, the response depends on the selected 
fraction for many scenarios, but not always if selection is on own performance only. 
Other factors determining the response are the prevalence and the use of information 
on relatives. It is clear that, in breeding schemes that do not rely on progeny testing 
for disease traits, both own performance and sibs' information make important 
contributions. 
In the scenarios considered here each of the 6 flocks within a replicate would have 
the same prevalence, with there only being small differences as a result of sampling. 
In practice prevalences will vary from flock to flock, either due to the environment 
(affecting pathogen burden or animal resistance) or differences in genetic merit for 
resistance among flocks, and this may affect the response to selection. Some initial 
calculations (Nieuwhof and Bishop, 2005b) show that variations in flock prevalence 
can have positive or negative effect on progress, depending on the information used. 
This requires further investigation. 
The relative weight of observations from different sources in the breeding value 
estimation was based on standard selection index theory using heritabilities on the 
observed scale (0/1). Where it later appeared that this adjustment was not fully 
correct (e.g. at low prevalences), the weighting factors would be incorrect and result 
in a sub-optimal index. In our study, this is relevant only in those cases where 
different sources were used (OP 6HS, OP 60HS), and even then in most cases the 
exact weighting had a very small effect (results not shown). In practice effects may 
be larger, as different animals have different numbers of relatives and various sets of 
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relatives, for instance missing (grand)parent observations and different numbers of 
full and half sibs. 
It should be noted that the standard deviation of the responses to selection over 1000 
replicates varies considerably, for instance from 0.051 for OP6HS to 0.130 for 60HS 
for the mean responses reported in Table 3.2 (which range from —0.036 to —0.536), 
with the lowest figure for scenarios with 6HS and the highest for scenarios with 60 
HS. This implies that in a considerable number of cases, especially with few HS, on 
occasions no or very little progress will be made. 
One way of further improving the success of breeding for resistance would be to get 
more exact information than one binary observation per animal. In the case of 
footrot, a scoring system has been developed that consists of 5 classes depending on 
severity, and a score would be given to each foot (e.g. Egerton and Roberts, 1971). 
The usefulness of this will be limited though, as the extra classes are used to 
subdivide the small class of affected animals, rather than the much bigger class of 
healthy ones. From a genetic selection point of view, gains from making the score 
more 'continuous' may be spurious, as it is apparently adding information, but to the 
wrong end of the distribution. Following Chang et al. (2004) it may be more useful 
to obtain repeated measures on both lambs and adults, which would circumvent the 
issue of exposure to some extent, but costs of this should be taken into account. 
Prediction of response to selection on binary traits has been the subject of studies for 
a long time. This study confirms that ignoring the binary character of a trait and 
assuming normality may work reasonably in some cases, but not in others. Ignoring 
the binary character would lead to using the correct h01 2 and phenotypic variance 
V, -P))and genetic progress would be predicted as irJH, with both r1H and oHon 
the observed scale (0/1). Using this approach, the response to selection of the top 
10% on the combination OP and 60HS at a prevalence of 0.50, (phenotypic variance 
is 0.25, h01 2 = 0.191) would be —0.216, or a decrease in prevalence form 0.5 to 0.284. 
The simulated response, -0.392 in liability, leads to a new prevalence of 0.309 
(Figure 3.3), which is similar. Much larger differences, however, would be obtained 
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with lower or higher prevalences. Using the same example, but now for a prevalence 
of 0.05 (phenotypic variance is 0.0475, h0 1 2 = 0.067), the predicted response 
assuming normality would be -0.042 and the resulting prevalence 0.008 rather than 
the simulated 0.027 or two-stage prediction of 0.021 (Figure 3.3). Clearly, while a 
small bias does exist at a prevalence of 0.50, at more extreme values the assumption 
of normality leads to major errors. 
The approach proposed by Foulley (1992) for family selection is based on a system 
in which the selection candidates do not contribute any data to the genetic evaluation. 
For meat sheep breeding, as applied in Britain, own performance of selection 
candidates plays an important role, which has two consequences when the formula is 
extended to this situation. First, all candidates descendant from the same sire will 
have an EBV that is largely based on the same observations - even with 60 HS there 
are only two EBVs within a HS group; one for healthy and one for diseased animals 
and selection within HS groups has only limited power. The second issue is that by 
only considering HS information, the animal's own performance is not included in its 
estimated breeding value estimation, while it does contribute to those of its HS. As 
an example, take the case of groups of 60 half sibs being considered for selection, 
and assume that a fractionp of a group of 60 has a phenotype of 1 and the others 0. 
Any animal's breeding value will be estimated based on 59 HS, i.e. 59pi animals 
with phenotype 0, 59(l -p i) animals with phenotype 1, so that there are only two 
distinct estimated breeding values within any group of 60. Since an animal's own 
observation is not included, the animals with the best phenotypes will have the worst 
EBV. This explains why the realised progress based on scenarios with 60 half sibs 
(although being considerable as a result of between family selection) is much less 
than predicted, even for a continuous trait. At the same time it underlines the 
importance of including the own performance alongside half sib information, both in 
selection and prediction. 
The challenge then is to combine two sources of information with very different 
distributions - binary for own performance and continuous for half sib data. Often, 
the optimal selection strategy is to combine all available information in a selection 
index and select on the index in a single round of selection. With a disease, however, 
which seriously affects the long-term (reproductive) health of animals or their 
suitability for sale as breeding animals, a first stage of selection is required to discard 
all diseased animals. In a second stage, selection would be within the healthy animals 
based on their half sibs (and other relatives). Two-stage selection theory is 
appropriate for this case. In the current study, we consider that diseased animals are 
still suitable for breeding and accordingly use a selection index in the simulation. 
The two-stage approach is then proposed to predict progress, because it can combine 
the two separate prediction methods. 
Although predictions from the two-stage method are generally accurate, there are 
three cases where we observe a small deviation from simulations. Firstly, an 
overestimation of the response occurs with low numbers of half sibs, especially with 
low prevalence and intense selection. This can be attributed to the half sib prediction 
in formula (2), which in this case makes the same overestimation. Since in our 
method we also include own performance, the total prediction error is smaller. In 
contrast, an underestimation of the selection response occurs when the selected 
fraction is equal to the proportion, of healthy animals. In this case the two-stage 
approach makes the error of completely ignoring the HS information, and in the first 
step discards certain diseases animals that, based on HS records, should be selected. 
The third discrepancy is an under-prediction that occurs at high disease prevalences 
and a selection fraction that, in addition to all healthy animals includes some 
diseased. Most of the errors in prediction occur at extreme values for the prevalence. 
Because of the non-linear relationship between liability and prevalence, these errors 
have a much smaller effect on the prevalence than the liability, and in practice these 
would not be of major concern. 
In practice selection against a disease may be in a relatively low-challenge 
environment, for instance in a nucleus flock and progress in terms of reduced 
prevalence may be limited. Because of the non-linear relationship between liability 
and prevalence, the marginal improvements in prevalence predicted in the low 
prevalence environment will become larger in dirtier environments. In other words, 
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little observable progress in the nucleus may lead to great strides in commercial 
farms. This is a general effect that can be expected for many disease traits, where 
prevalence of disease is the important trait. 
This study investigated the response to one round of selection on a binary trait. For 
normally distributed traits one would expect that similar genetic progress can be 
achieved over many generations, apart from a small effect due to a decrease in 
genetic variance, the so-called Bulmer effect (Bulmer, 1971). For a binary trait, this 
would be true for the liability, if prevalences are not too extreme, but reductions jn 
prevalence would become smaller with observed prevalence becoming smaller (and 
less than 50%). In the field, it will become increasingly difficult to identify the more 
resistant animals among the unaffected, and, as shown in this study inclusion of large 
groups of relatives will be important. Depending on the specific pathogen and 
environment, exposure issues may become more important at low prevalences. While 
this is problematic in terms of obtaining phenotypes for selection, it is also an 
additional benefit of selection for disease resistance that has so far been ignored. 
Elucidation of the true long-term effects in both genetic terms, taking into account 
the Bulmer effect and observed prevalence, as well as epidemiological effects, 
requires a multi-generation simulation. 
In practice, breeding programmes are aimed at improving a number of traits, not just 
resistance to one disease, as in this study. Nieuwhof and Bishop (2005a) considered 
selection for resistance to footrot in combination with either growth rate or growth 
rate and litter size, but ignored the binary character of the disease. Based on the 
current study we can conclude that their prediction of genetic progress was 
overestimated by about thirty percent (based on the genetic merit of the top 25% 
selected at a prevalence of 10%, -0.445 for a continuous trait, -0.318 for a binary 
trait). Assuming linearity, their estimate for the genetic progress in one round of 
selection of about a fifth of the original prevalence can be corrected with the same 
30%. The expected reduction in prevalence of footrot when selection is on a 
multitrait selection index is then 14% of the original prevalence, with a value of £1.9 
M annually if applied across the British sheep population. 
3.4. 1. Conclusions 
The response to selection on a binary trait depends on a number of factors, including 
the prevalence, use of information on relatives, heritability and the selection 
intensity. For cases where own performance is combined with observations on half 
sibs, the proposed method of predicting of the response to selection using a two-stage 
approach generally gives a good prediction, with exceptions where the proportion of 
healthy animals is close to the selected fraction and with few half sibs. When the 
prevalence of the undesirable character is very low and selection intense, there will 
be over-predictions on the liability scale, but these over-predictions will be 
somewhat less when responses to selection are expressed in terms of changes in 
prevalence. 
Considerable progress can be made in a selection programme for increased resistance 
of sheep to a disease, especially if own performance is combined with sib 
information. If the heritability of the underlying trait is 0.3, the genetic progress that 
can be achieved with single trait selection on a binary trait results in about halving 
the prevalence every round of selection, if the original prevalence is between 5 and 
25%. 
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Chapter 4. Effects of variation in prevalence and exposure 
on the genetic response to selection on a binary trait 
4.1. Introduction 
In a selection programme, the genetic progress that can be achieved for a normally 
distributed trait depends directly on the accuracy of selection, genetic variation and 
selection intensity. In the previous chapter it was shown that for a binary trait - such 
as whether or not a sheep is affected by footrot - the original prevalence also has an 
effect on genetic progress. 
In chapter 3 within each scenario the prevalence of the disease was kept constant. As 
outlined in general terms by Snbwder (2006), in practice of course there is variation 
in prevalence between flocks or herds. In sheep, Wassink and Green (2001) report 
that prevalence of footrot in the worst affected month varies from less than 3% to 
over 20% depending on the flock. østergaard and Grohn (1999) show that for a 
range of diseases in dairy cattle, incidence depends on parity and in the same species 
Heringstad et al. (2003) report variation in incidence of mastitis over time. One 
reason for a lower prevalence can be lack of exposure in a part of the population. 
Wassink et al. (2004), for instance, argue that prevalence of interdigital dermatitis (a 
disease related to footrot) can be reduced by limiting exposure to the disease-causing 
bacteria. For pigs, Rothschild (1989) argues that since clinical disease is very rare in 
breeding stock, scoring for expression of disease would not be very informative. The 
same conclusion does not necessarily apply to breeding stock of other species, such 
as sheep, which are kept in environments in which they are more widely exposed to 
disease agents, resulting in higher incidences of clinical and sub-clinical disease. In 
general, it can be expected that observed prevalences differ due to the environment 
(between and within flocks), exposure to the disease and a combination of these 
factors. 
For prediction of the response to selection, variation in prevalence requires a 
different approach from variation in exposure. For a normally distributed trait, 
differences in levels between classes (e.g. flocks) are dealt with through fixed effects 
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in the model, and generally under the assumption that phenotypic variances are the 
same across classes. For a binary trait, however, the phenotypic variation and 
heritability depend on the prevalence. Lack of exposure will lead to misclassification 
of potentially susceptible animals as resistant, thereby limiting the opportunity to 
select against susceptible animals. 
In this study, the effects of variation in prevalence and exposure on the response to 
selection on a binary trait will be investigated. The response will be predicted using 
standard techniques adjusted for the binary character of the trait. Simulation will be 
used to obtain realistic estimates of progress. Results will be compared to those for a 
scenario in which selection is on a binary trait in the absence of variation in 
prevalence and with full exposure. 
4.2. Methods 
4.2.1. Principles 
Analysis of a binary trait in a threshold model has the advantage that adjustments can 
be made for fixed effects and heritabilities are independent of the prevalence 
(Cameron, 1997). This approach is based on the relationship between the heritability 
of a binary trait (ho1 2) and that of an underlying continuous trait or liability, assumed 
to have a standardised normal distribution (hL2). This relationship is approximated 
(Robertson and Lerner, 1949) by: 
hL2 p(l —p)f 2  ho 12. 	 (1) 
where p is the prevalence of the binary trait and z is the ordinate of the standardised 
normal distribution corresponding top. The term p(l -p) is the phenotypic variance of 
the binary trait. In case of variation in prevalence between fixed effect classes (e.g. 
flocks), in principle h01 2 and  will vary in such a way that the same hL2  is estimated 
within each class. In practice, with animals having relatives in different flocks (and 
years) it will be difficult to apply flock specific heritabilities and breeding values 
would be estimated based on the h012 at population level, i.e. using the population p. 
4.2.2. Variation in prevalence at full exposure 
Based on OP only, an animalj in flock i with observation X=O or 1 (healthy or 
W. 
affected) has its breeding value predicted as EBV IJ = h01 2 (X,1-p1). This EBV will rank 
healthy animals (X,=O) in flocks with the highest prevalence (lowest EBV IJ) as the 
best. If there are true differences in prevalence between flocks, not only p i will vary 
by flock, but so will h01 2 as a function ofp 1 as described in (1) leading to a flock 
specific heritability h01 12 . A flock specific EBV (FBV,J) can therefore be estimated as: 
FBV J = h0112(X11-p1) 
	
= {zl2hL2/Ipj( ' -P1)1 } Xj-p1). 
	 (2) 
Therefore, when X1 = 0 (i.e. the animal is healthy), FBV,J = -{zl 2hL2/(l-p1)}, and when 
Xy = 1 (diseased), FBV,J = {z I2hL2/pj}. Note that - {zj2hL2/(, _P i) } ~ {zl 2hL2/pl} for any 
value of z 2, hL2  and pi so that healthy animals will always have a negative flock 
specific EBV and rank better than affected animals. Because of characteristics of the 
normal distribution, the FBV for X,=0 decreases with increasing p i for pi < 0. 73, 
regardless of hL2.  So that as long as the prevalence is less than 0.73 in anyone flock, 
the FBV, will identify healthy animals in the flocks with highest prevalence as the 
best, and there will be no difference in ranking on EBV and FBV. With p i increasing 
beyond 0.73, the decrease in hoij 2  becomes larger than the absolute increase in (X .-p,) 
so that FBVJ = h0112(X,çp1) increases to 0 and animals in flocks with these high 
prevalences would not be identified as the most resistant. This case is not relevant 
for endemic diseases that affect a small proportion of the population at any one time. 
If this approach was extended to a breeding value based on n HS and the binary 
character of the trait taken into account, the FBV would be calculated as: 
FBV,J 
 =
(Xc, — P,) 	 (3) 
with X, the average over n HS, and assuming all HS are in the same flock i, showing 
that the flock specific estimated breeding value of an animal depends on h01 12 . This is 
in contrast to a threshold approach, which would be based on hL2  rather than h0112 and 
put the same weight on each group of HS regardless of flock prevalence. As long as 
n is the same across HS groups, the threshold approach and an EBV based on a 
population wide prevalence would result in the same ranking of animals, and hence 
the same selection result. 
EVA 
The FBV for n HS using a flock specific heritability puts higher weights on HS 
groups from flocks with a prevalence closest to 0.5 (when h0 112 is at its maximum). 
The same HS groups will also have the lowest (i.e. best) values for 	so that 
there are two mechanisms that favour animals from flocks with prevalences close to 
0.5. 
4.2.3. Variation in exposure 
In case not all animals in a population are exposed to the disease agent, we need to 
consider two types of prevalence; the virtual prevalence which is defined as the 
prevalence of a disease if all animals are exposed to the disease agent (hence referred 
to asp) and the proportion of animals showing signs of the disease, the observed 
prevalence. If a proportion of e animals is exposed the observed prevalence is equal 
to ep. Below, it is assumed that the probability of exposure is the same for all 
animals in a flock-and that exposure has no genetic component. An animal is deemed 
susceptible if it becomes infected upon exposure. 
For incomplete exposure, e<l, a proportion of 1 -ep animals will be healthy, either 
because they are exposed and resistant e(1 -p) or because they are not exposed (1-e). 
Only the former contribute to selection for resistant animals and they contribute e( 1-
p)I(l-ep) of animals selected. Therefore, assuming normality, the response to 
selection (AG,) would be reduced to: 
AGe(l_p)AG 
e 1—ep 
with AG the response at full exposure. Compared with full exposure, both the 
accuracy of selection and the genetic standard deviation are reduced by the square 
root Je(1 - p)11 - ep 
Since OP is a discontinuous trait, however, the approach described by Falconer and 
Mackay (1996) should be applied, in which the effective selection intensity depends 
solely on the proportion of candidates with the desirable phenotype (i.e. healthy) if 
there are sufficient healthy animals available for selection. If all healthy and some 
diseased animals are selected, the selection intensity is the weighted average of the 
selection intensities in the two groups. OP selection on an incompletely exposed 
binary trait with heritability h0 1 2 is then equivalent to selection on a fully exposed 
binary trait with heritability he012  e(l-p)ho i 2/(l-ep). The response to selection of all 






with i depending on the observed prevalence ep. 
It can be shown (Appendix 1) that for a group of n half sibs, with on average a 





(1—ep)+e(1—p)(n-1) 4 h01 
This correlation contains the exposure e as well as the product of prevalence and 
exposure (i.e. the observed prevalence, ep) showing that the effect of partial exposure. 
depends on the prevalence. If e1 the formula reverts to the standard formula for 
accuracy of selection and is independent ofp, except for the effect ofp on h01 2 as 
described in (1). 
Figures 4.1a and 4.1b show how p depends on  and e at hL2=0.3 and a family size of 
60 HS. It can be seen in la that p increases as e increases and is maximum when 
e=1, at which point the accuracy is the same forp and i-p. For e<l and ep<0.5, there 
is always a lower accuracy for ep than for 1 -ep. Further, the highest accuracy is not 
at ep0.5. At any given virtual prevalence (p), the relationship between exposure and 
correlation is almost linear for e>0.1, and at an exposure of only 0.3 still about 50% 
of accuracy is achieved ifp:0.5. Figure 4.1b shows that at a given exposure p 
increases to a maximum, and then decreases as the observed prevalence gets closer to 
exposure (i.e. almost all animals are susceptible). Figure 4.1b can be used in practice 
to ascertain the sensitivity of the accuracy to unknown exposure levels. 
The response to selection on a group of HS in terms Of prevalence, taking into 
account the, binary character of a trait as described by Foulley (1992), is calculated 
by substituting the appropriate accuracy p according to formula (4) into: 
± iphIi R 	cI{ 	 }_c1{p} 	 (5) 
- 1(1 —)p 2 h 
for the cases where selection is for increased (R) or decreased (K) prevalence. In 
this formula, (I)(u) is the cumulative distribution of the standardised normal 
distribution evaluated at the initial prevalence and q is the threshold for the 
standardised normal distribution corresponding to the fraction selected. 
When both OP and HS information is used, a two-stage approach can be used to 
predict genetic progress, as described in chapter 3. In the first stage selection would 
be on the OP (healthy animals only) and in the second additional selection is based 
on HS information using (5). Calculations for the second stage not only need to use 
the accuracy that takes into account incomplete exposure, but also the correct 
reduction in variance as a result of first stage selection on a trait with incomplete 
exposure. In general, the proportional reduction is ii(ii-xi)pi 2, where i 1 is the 
selection intensity in the first stage (i.e. all 1 -ep healthy animals), x i is the 
corresponding threshold for selection on a standard normal scale and p  is based on 
the incompletely exposed observations in the first stage. 
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Simulation procedure 
Response to selection in the standard scenario was estimated in simulated data as 
described in the previous chapter. In short, the population consisted of 6 flocks of 
180 ewes each. Six reference sires (RS) were mated to 20 ewes in each of 3 flocks, 
and the remaining ewes were mated to stock sires (SS), with 30 ewes per stock sire. 
Litter size is 1. Selection candidates were all 180 lambs per flock. For offspring of 
RS, information from HS in the other flocks was included. For offspring of SS, US 
information included 30 lambs born in the previous year. 
An observed prevalence at population level of 0.10 was assumed and a heritability of 
the liability (hL2) of 0.30. Selection was on own performance, HS information (60 HS 
per family) or an index combining the two. Index weights in this case were based on 
standard selection index theory using the heritability for the binary trait (h0 1 2) and 
based on observations pre-adjusted for the imposed fixed effects (i.e. these were not 
estimated from the data). Selected fractions of 10%, 25% and 50% were considered. 
Each scenario was replicated 1000 times. 
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The following comparisons were made, and an overview is given in Table 4.1: 
Variation in prevalence due to the environment at full exposure 
A scenario in which flock prevalence was 0.02, 0.04, 0.08, 0.12, 0.16 and 0.18 in the 
6 flocks constituting the population was compared with the standard in which 
prevalence is 0.10 in all 6 flocks. 
Variation in virtual prevalence and exposure at population level, leading to the 
same observed prevalence 
Virtual prevalences were assumed of 0.909, 0.5, 0.25, 0.167, 0.125, 0.111 and 0.1 at 
population level, which for the observed prevalence of 0.10 implied exposure levels 
of 11%, 20%, 40%, 60%, 80%, 90% and 100% respectively. Index weights were 
based on the observed prevalence. All flocks had the same virtual prevalence and 
exposure level. 
Variation in virtual prevalence and exposure at flock level 
The same observed prevalence of 0.10 in each of the six flocks was created by 
combining virtual prevalences of 0. 1, 0.2, 0.4, 0.6, 0.8 and 0.9 with exposure levels 
of 100, 50, 25, 16.7, 12.5 and 11.1% respectively. Expectations of genetic progress 
were calculated assuming full knowledge of exposure rates in each flock. For OP this 
means first selecting animals from the flock with highest exposure, then the next, 
until the required number of animals is selected. For HS formula (4) was used with 
flock specific values for e and  (so that epO.1) and the average accuracy over 6 
flocks was applied. Alternatively, the expected response to selection was based on 
the assumption that e= I (full exposure). 
Variation in observed prevalence due to different exposure at flock level at the 
same virtual prevalence 
It was assumed that the virtual prevalence in each flock was the same and equal to 
the highest observed prevalence (0.18), i.e. assuming all animals were exposed in 
this flock, and that exposure in the other flocks was less than 100%. In the first flock 
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the exposure is 1 1.% (observed prevalence 0.02), in the second through sixth flock 
exposure is 22%, 44%, 67%, 89% and 100% respectively. Accuracies were 
calculated based on both flock specific and population wide parameters. 
Table 4.1 Scenarios investigated. 
Scenario 	 Virtual 	Exposures 	Observed 
Prevalence 	 . prevalence 
Standard 	 0.1 	 1 	 0.1 
Increased prevalence 	 0.18 	 1 	 0.18 
Variation in flock prevalence, 
constant exposure 
Population-level variation in 
exposure, constant observed 
prevalence. 
0.02, 0.04, 0.08, 1 	 0.02, 0.04, 
0.12, 0.16, 0.18 	 0.08, 0.12, 
0.16, 0.18 
A 0.909 0.11 0.1 
B 0.5 0.2 0.1 
C 0.25 0.4 0.1 
D 0.167 0.6 0.1 
E 0.125 0.8 0.1 
F 0.111 0.9 0.1 
Flock-level variation in 	0.1, 0.2, 0.4, 	1,0.5,0.25, 	0.1 
prevalence and exposure, constant 0.6, 0.8, 0.9 	0.167, 0.125, 
observed prevalence 	 0.111 	- 
Flock-level variation in 	0.18 	 0.11, 0.22, 0.44, 0.02, 0.04, 
exposure, constant virtual 	 0.67, 0.89, 1 	0.08, 0.12, 
prevalence 	 0.16, 0,18 
One value in a box applies to the entire population, 6 values in a box indicate the 
value for each of 6 flocks 
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4.3. Results 
The response to selection in the standard scenario - a prevalence of 0.1 with 100% 
exposure across all 6 flocks - was the same as in chapter 3 and in line with the 
predicted value. 
4.3.1. Variation in prevalence due to the environment at full exposure 
The accuracy of selection is higher in the absence of variation in flock prevalence 
(Table 4.2), and in the case of variation higher when weightings are based on 
population-wide parameters rather than flock specific. This confirms the validity of 
threshold approach, which weights observations equally regardless of prevalence. 
Table 4.2 Accuracy of selection (s.e.) obtainedfrom simulation, when flock 
prevalences differ  due to environmental factors based on population or flock specific 










weights 	 weights 
OP 
0.1 0.317 (0.030) 0.317 (0.030) 
0.02, 0.04, 0.08, 0.12, 0.16, 0.18 0.307 (0.030) 0.292 (0.031) 
6OHS 
0.1 0.371 (0.064) 0.371 (0.064) 




0.462 (0.050) 	0.462 (0.050) 
0.02, 0.04, 0.08, 0.12, 0.16, 0.18 
	
0.438 (0.050) 	0.422 (0.050) 
In contrast, differences in flock prevalences due to environmental factors have a 
positive effect on the response to selection based on OP (Table 4.3), and this is 
directly related to the prevalence of the most severely affected flock(s). Within the 
variation considered, a higher prevalence allows for more stringent selection and a 
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higher accuracy, and high prevalence flocks do indeed supply all the selected animals 
(not shown). 
If HS information is used, variation in flock prevalence has a negative effect on the 
response to selection. As with the accuracy, responses to selection are slightly lower 
if flock-prevalence-specific index weights are used rather than population-wide 
parameters. Flock-specific weightings apparently put too much emphasis on animals 
from high prevalence flocks. 
Table 4.3 Simulated response to selection (s. e.) on liability scale ifflockprevalences 
differ due to environmental factors 
Information source 	 Selected fraction 
Flock prevalences 10% 25% 50% 
OP 
0.1 -0.057 (0.065) -0.057 (0.053) -0.057 (0.048) 
0.02, 0.04, 0.08, 0.12, 0.16, 0.18 -0.092 (0.102) -0.090 (0.073) -0.077 (0.055) 
6OHS 
0.1 -0.313 (0.116) -0.247 (0.079) -0.164 (0.060) 
0.02, 0.04, 0.08, 0.12, 0.16, 0.18 -0.293 (0.116) -0.224 (0.077) -0.156 (0.058) 
OP6OHS 
0.1 -0.346 (0.112) -0.278 (0.074) -0.195 (0.057) 
0.02, 0.04, 0.08 5  0.12, 0.16, 0.18 	-0.333 (0.109) 	-0.255 (0.074) 	-0.184 (0.055) 
4.3.2. Variation in virtual prevalence and exposure at population level, leading to 
the same observed prevalence 
Table 4.4 and Figure 4.2 show that the response to selection tends to decrease with 
lower exposure. At full or high exposure and with intense selection, the predictions 
overestimate the simulated results by up to 20%, which is in line with earlier results 
with full exposure (chapter 3), and is attributed to relationships among selection 
candidates and the non-linear relationship between hL 2 and h01 2 . The simulations, 
however, show hardly any effect of exposure provided it is 40% or higher. At 
medium and low exposure, the predictions are very well in line with the simulations. 
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Table 4.4 Response to selection on the liability scale if observed prevalence is 0. 1, 
but virtual prevalence is higher and exposure is lower than 100% (no differences 
among flocks). Shown are expected (exp) and simulated responses (sim) (s. e.) 
Information 	 Selected fraction 
source 
Virtual 	Expo- 	10% 	 25% 	 50% 
valence sure 
OP exp Sim exp sim Exp sim 
0.909 11% -0.006 -0.003 -0.006 -0.005 -0.006 -0.005 
(0.0077) (0.063) (0.058) 
0.500 20% -0.019 -0.026 -0.019 -0.026 -0.019 -0.028 
(0.0075) (0.061) (0.058) 
0.250 40% -0.034 -0.042 -0.034 -0.041 -0.034 -0.043 
(0.0072) (0.060) (0.055) 
0.167 60% -0.044 -0.049 -0.044 -0.052 -0.044 -0.052 
(0.0069) (0.059) (0.054) 
0.125 80% -0.052 -0.054 -0.052 -0.056 -0.052 -0.056 
(0.0070) (0.058) (0.053) 
0.111 90% -0.055 -0.059 -0.055 -0.058 -0.055 -0.057 
(0.068) (0.055) (0.051) 
0.100 100% -0.059 -0.057 -0.059 -0.057 -0.059 -0.057 
(0.068) (0.057) (0.052) 
6OHS 
0.909 11% -0.061 -0.057 -0.044 -0.040 -0.028 -0.025 
(0.156) (0.101) (0.073) 
0.500 20% -0.237 -0.214 -0.171 -0.163 -0.108 -0.106 
(0.146) (0.099) (0.075) 
0.250 40% -0.322 -0.285 -0.234 -0.217 -0.147 -0.141 
(0.139) (0.094) (0.072) 
0.167 60% -0.351 -0.306 -0.254 -0.237 -0.160 -0.155 
(0.127) (0.088) (0.068) 
0.125 80% -0.366 -0.309 -0.265 -0.240 -0.167 -0.160 
(0.128) (0.087) (0.066) 
0.111 90% -0.372 -0.306 -0.269 -0.244 -0.169 -0.163 
(0.124) (0.085) (0.066) 
0.100 100% -0.376 -0.313 -0.272 -0.247 -0.171 -0.164 
(0.127) (0.091) (0.067) 
OP 6OHS 
0.909 11% -0.064 -0.063 -0.064 -0.046 -0.047 -0.030 
(0.158) (0.102) (0.072) 
0.500 20% -0.247 -0.237 -0.181 -0.182 -0.114 -0.121 
(0.144) (0.098) (0.074) 
0.250 40% -0.350 -0.312 -0.259 -0.244 -0.168 -0.164 
(0.136) (0.091) (0.070) 
0.167 60% -0.388 -0.337 -0.290 -0.265 -0.191 -0.182 
(0.122) (0.085) (0.065) 
0.125 80% -0.408 -0.337 -0.307 -0.270 -0.206 -0.189 
(0.125) (0.084) (0.063) 
0.111 90% -0.414 -0.337 -0.313 -0.273 -0.211 -0.192 
(0.120) (0.082) (0.063) 
0.100 100% -0.420 -0.346 -0.318 -0.278 -0.216 -0.195 
(0.121) (0.086) (0.063) 
001 
These results indicate that in practice exposure levels of less than 100% do not affect 
the response to selection much at a given observed prevalence, unless exposure is 
extremely low, i.e. less than 40%. However, these results do assume that the 
exposure rate is the same in all flocks. 
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Figure 4.2 Simulated and predicted response to selection for OP 60HS, as a function 
of exposure and selection intensity, for an observed prevalence=O.1 
4.3.3. Variation in virtual prevalence and exposure at flock level 
Results for the scenario in which flock exposure levels vary in a way that offsets the 
variation among flocks in prevalence are presented in Table 4.5. Comparing these 
responses with those for a prevalence of 0.1 in Table 4.3 shows that significant 
reductions occur in expected genetic progress, even when HS are included. If results 
are compared with a scenario with incomplete exposure, but no variation across 
flocks, like the case of 40% or 60% exposure in Table 4.4, a sizeable reduction in 
response can be seen. Where HS are involved, this is true for both theoretical 




variation in exposure has an impact on genetic gain over and above that due to 
incomplete exposure, alone. 
Table 4.5 Expected and realised response (s. e.) to selection if between-flock 
variation in both virtual prevalence and exposure result in equal observed 
prevalences among 6flock (expectations based on full knowledge of exposure and 
population parameters, weightings in simulation based on observed prevalence) 
Information 
source Selected fraction 
10% 25% 50% 
exp sim exp sim exp sim 
OP -0.058 -0.030 -0.051 -0.029 -0.038 -0.028 
(0.071) (0.060) (0.055) 
60HS -0.228 -0.218 -0.165 -0.160 -0.104 -0.100 
(0.148) (0.102) (0.072) 
OP60HS -0.246 -0.244 -0.182 -0.180 -0.119 -0.117 
(0.149) (0.100) (0.070) 
4.3.4. Variation in observed prevalence due to different  exposure at flock level, at the 
same virtual prevalence 
Table 4.6 shows response to selection for the scenarios where flock prevalences 
differ as a result of exposure, while the virtual prevalence is the same for all 6 flocks. 
As in Table 4.3 and as expected, a variation in flock prevalence has a positive effect 
on the response to selection for OP, but not if HS are included. Selection of the top 
10% on OP is from the flock with the highest prevalence, and since exposure is 
100% in this flock, hardly any loss is observed compared to the scenario with 100% 
exposure throughout. With less intensive selection, animals are selected from flocks 
with lower exposures and the response to selection is lower, but it is still higher than 
in a scenario with equal (0.1) prevalence in all flocks. 
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Table 4.6 Response to selection (s. e.) if the observed prevalences in each of6fiocks 
vary as a result of differences in exposure at the same virtual prevalence of 0. 18, 
compared to the standard scenario (prevalence of 0. 1, full exposure) and a scenario 
with full exposure and a prevalence of 0.18. Expectations based on population 
parameters. 
	
Information source 	 Selected fraction 
Observed flock p 	10% 	 25% 	 50% 
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0.1 -0.376 -0.313 -0.272 -0.247 -0.171 -0.164 
(0.123) (0.086) (0.066) 
0.18 -0.398 -0.341 -0.288 -0.264 -0.181 -0.173 
(0.121) (0.088) (0.067) 
0.02, 0.04, 0.08, 
0.12, 0.16, 0.18 -0.322 -0.276 -0.234 -0.214 -0.147 -0.142 
(0.128) (0.091) (0.068) 
OP6OHS 
0.1 -0.420 -0.346 -0.318 -0.278 -0.216 -0.195 
(0.119) (0.081) (0.062) 
0.18 -0.450 -0.394 -0.344 -0.313 -0.235 -0.218 
(0.112) (0.081) (0.061) 
0.02, 0.04, 0.08, 
0.12, 0.16, 0.18 -0.355 -0.316 -0.266 -0.246 -0.177 -0.169 
(0.117) (0.085) (0.064) 
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For OP the responses realised in the simulation are very close to the predicted 
responses. With the inclusion of HS, exposure levels of less than 100% have a small 
negative effect on the response to selection, compared to both equal observed 
prevalences (0.1) across flocks and environmental variation in prevalence (Table 
4.3). The differences are small, and increase with less intensive selection (i.e. 
selection in flocks with lower exposure levels). Selection on an index combining OP 
and HS is superior to either OP or HS, but the selection response is reduced when 
there is variation in exposure among flocks. It can be concluded that in practice, 
ignoring variation in virtual prevalence and exposure may therefore lead to only a 
minor overestimation of genetic progress. 
4.4. Discussion 
While in the previous chapter the effects of a binary distribution of a trait on the 
expected response to selection were quantified for scenarios with highly standardised 
conditions, in this chapter the emphasis was on the effects of variation in prevalence 
and exposure. Variation in observed prevalence among populations or flocks was 
considered to be caused by variation in environmental factors or in exposure, or a 
combination of the two. Theoretical predictions were developed and tested in 
stochastic simulations. 
Differences within or between flocks in prevalence have a positive effect when only 
OP is used in selection, because the healthy animals in the flocks with highest 
prevalence are correctly identified as the most resistant. At the other extreme, it also 
increases the ability to identify the most susceptible animals (the affected animals in 
flocks with the lowest prevalence), so there will be a positive effect at any 
prevalence, except in the special case when the number of healthy animals is the 
same as the number of animals to be selected. It could be expected that this would no 
longer be the case when HS information is used. It appears, however, that in the 
scenarios investigated, flock prevalence remains an important determining factor for 
selection. The selection candidates with the greatest number of healthy sibs in flocks 
with a high prevalence are selected preferentially. When estimating breeding values 
from groups of HS, using flock-prevalence based weighting factors apparently put 
too much weight on animals in high prevalence flocks, and genetic progress was 
reduced slightly as a result. This shows that the threshold model, which puts equal 
emphasis on all HS groups of the same size, is not just a convenient way to deal with 
different prevalences and heterogeneity of variance across flocks, but does indeed 
lead to better selection decisions than flock specific weightings. 
In this study, the health status of an animal was considered as a function of its 
phenotype if exposed and its probability of exposure, so that an animal could be 
diseased only if it had a susceptible phenotype and was exposed to infection. In 
practice, one might think of a situation in which animals are more or less susceptible, 
with the more susceptible animals becoming affected at low pathogen levels, and the 
more resistant only at higher pathogen challenges. The scenarios with differences in 
prevalence among flocks do in fact model the interaction between phenotype and 
exposure insofar as animals that are more susceptible become diseased at lower 
exposure rates than less-susceptible animals. In terms of the threshold model; in this 
study the prevalence was determined by the threshold (at population or flock level) 
and the liability for each individual. While the latter reflects the resistance of an 
animal at a phenotypic level, the threshold is determined by the environment and one 
factor would be the magnitude of the pathogen challenge. A higher pathogen 
challenge then corresponds with a shift of the threshold to the left, so that a group of 
animals with certain liabilities will become affected. Thus, conclusions drawn from 
these scenarios should also apply to more general situations, in which animals in 
different flocks (or other classes) differ in their degree of resistance, depending on 
pathogen challenge and environmental factors. 
Incomplete exposure of animals to a pathogen will result in incorrect classification of 
susceptible animals as resistant. For the scenarios investigated this has, however, 
only a limited effect on the accuracy of selection and the selection response. 
Predictions of genetic progress, based on the assumption that both exposure and 
prevalence at full exposure are known exactly, closely follow the simulated results. 
In practice only the observed prevalence (the product of exposure and prevalence at 
61 
full exposure) will be known. Depending on general knowledge of the particular 
disease and flocks, it may be possible to make more or less correct assumptions of 
exposure and prevalence. The various scenarios show, however, that predictions - 
and selection responses - are not very sensitive to these assumptions as long as 
exposure is above 40% and similar across flocks. 
Another important assumption was that the heritability of resistance was known 
exactly. Unless it can be estimated in a deliberately exposed population, estimation 
of the heritability will be affected by the same issue of exposure. If the heritability 
was estimated in an incompletely exposed population but under the assumption of 
full exposure, the heritability would be estimated by dividing the realised genetic 
variance (e2c g2) by the observed phenotypic variance (ep( 1 -ep)) giving the estimated 
heritability (h2 )as01 
hol
= e - ep 
h01 2 which is less than the true h0 1 2 for any e less than 1. This estimate 
l—ep 
then automatically leads to a lower estimate for the expected genetic progress, 
counteracting any overestimations that would result from assuming too high an 
exposure in the prediction. 
It was assumed that, within flock, exposure was completely random, i.e. not related 
to either certain families or genetic merit of animals. If this assumption does not 
hold, for instance due to common environments of relatives (e.g. maternal and litter 
effects for full sibs) this is expected to lead to a reduction of the potential genetic 
gain. The observation that simulated responses to selection fell short of predicted 
responses, suggests that this did indeed happen in this simulation. As simulated, 
environmental effects differed across flocks, but because most HS families were 
restricted to 1 flock (and at the most 3), an association between family and 
environment was created. This was most extreme in the scenario where flock 
exposure varied, but resulted in the same observed prevalence. Due to low exposure, 
the most resistant HS groups in flocks with a high virtual prevalence could no longer 
be identified as such and genetic progress was much lower. This is a special case, 
which may occur in practice if farmers maintain the disease in their flocks at a 
similar level through different management practices; enhancement of animals' 
resistance or limiting exposure. 
The prevalence observed in the field is the product of the exposure and the 
prevalence at full exposure (termed virtual exposure in this study). At a given 
observed prevalence, the accuracy of selection will increase with increasing exposure 
and hence lower virtual prevalence, but this effect is relatively small if exposure is 
over 0.2. Note that the observed prevalence also serves as a lower limit for the 
exposure when prevalence is 1, and that while very high prevalences are detrimental 
for genetic progress (due to a lack of variation) prevalences of 0.7 give good results 
for any exposure over 0.4. 
Similarly, the observed prevalence serves as a lower limit for the virtual prevalence 
(when exposure is complete) so that an assessment can be made of whether the 
virtual prevalence will be too small to allow for any meaningful genetic progress. 
This supports the assertion of Rothschild (1998) that, in the case of pigs bred and 
selected under high health status nucleus conditions, there is not a great opportunity 
to make genetic progress for disease resistance. Biosecurity is generally much higher 
in pig breeding populations than in sheep, and for sheep the results of this study 
would apply only to endemic diseases. Certain scenarios require the use for breeding 
of animals that were at some stage diseased, depending on the nature of the disease 
this may or may not be realistic. 	- 
For practical breeding programmes these results indicate that incomplete exposure 
should not hamper achieving genetic progress. Provided sufficient numbers of 
relatives of selection candidates are included in the analysis, considerable progress is 
possible. Lack of exposure becomes a serious problem only when exposure is very 
low (less than 40%) or when it masks the fact that all or practically all animals in the 
population are fully susceptible to the disease. In many cases it will be possible to 
estimate exposure to the disease in a subset of the population, e.g. by tests for 
antibodies or, in the case of footrot, detailed hoof inspection and bacterial culture. 
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Where it was possible to quantify expectations of genetic progress, especially for 
variations in prevalence and exposure, these predictions showed trends similar to the 
simulation results but with typical overestimates of up to 20%. These overestimates 
were similar for the scenarios in chapter 3 in which absence of inter-flock variation 
in prevalence and exposure was assumed. Conversion of predicted and simulated 
selection results from the liability to the observed scale showed that overestimates on 
the liability scale are negligible in terms of the proportion of animals affected. 
4.4.1. Conclusions 
Variation in prevalence among flocks has a positive effect on genetic progress for 
OP, but is slightly negative if HS are included. Exposure of less than 100% has a 
negative effect on progress, but at population level the effect is limited if exposure is 
40% or higher. With variation in exposure across flocks, selection will tend to be 
from those with highest observed prevalence (and also highest exposure) so that this 
is not a problem with intense selection. The highest risk with incomplete exposure is 
that it may hide undesirably high prevalences and lack of variation in resistance. 
Variation in exposure across groups of relatives may have a negative effect on the 
progress towards resistance, if it is not reflected in the observed prevalence. 
M. 
Appendix 4.1 Derivation of the accuracy of selection for a group of incompletely 
exposed half sibs 
In general, the accuracy of selection (p) is calculated based on the correlation 




with a the covariance between genotype and phenotype and u g2  the genetic and a, 2 
the phenotypic variation. 
Each of these is calculated for n HS, of which e are exposed, in the following steps: 
Genetic variance 
The genetic variation o g2 is not affected by exposure and on the liability scale is 
equal to ag2 =ho i 2p(l-p), with p based on full exposure. 
Covariance betwen genotype and phenotype 
For. (1-e) unexposed HS the covariance between the phenotype and the genotype of 
the selection candidate on the liability scale is equal to 0. For e exposed HS it is 
¼h0 1 2p(1-p), so that across all HS crgp r 1/4hoi2ep(1_p) 
Phenotypic variance 
As the incidence in a group of partially exposed unrelated animals is ep, the 
(bionomial) variance is ep(1-ep) rather than p(l-p). When the population is 
subdivided into a family structure, the total variance is the sum of the between- and 
the within-family variance. The between-family variance for exposed animals is 
¼h01 2p(1-p) and since these animals make up a proportion e of the total family, 
between family variance is 'hhoi 2e2p(1-p). The within family variance is the 
phenotypic variance for a group n individuals, ep(l-ep)/n, minus the covariance 
between family members. As above, the latter is 0 for unexposed animals and 
'hhoi 2e2p(l-p)/n for exposed animals. Summing the various parts gives the 
phenotypic variance (cr) as 
65 
= ep(1 _ep)yhol 2 e 2 p( 1 _p) yh 22 (l)  
n 
and the accuracy of selection is 
,Y4 hep(1 - p) 
p(1 - p)h01 2  {P(l 
- ep) - h01 2 e 2 p(1 - + 
Y4hO1 2e2p(1 - p)} 
n 




(1— ep) + e(1 - p)(n - 1)y4 h01 2 
Note that the accuracy is different for  and i-p. unless e = 0 or e1. 
Chapter 5. The effect of footrot on weight gain in sheep 
5.1. Introduction 
Footrot is a highly contagious bacterial disease of sheep affecting the interdigital skin 
and surrounding soft and hard horn of a hoof, often resulting in severe lameness. 
There are various options for control and treatment, and the most effective strategy 
appears to be prompt treatment of affected animals, which also reduces spread of the 
infection (Egerton, 2000; Green et al., 2007). In Britain it is estimated that about 6% 
of adult ewes and 3% of lambs are affected at any time (Grogono-Thomas etal. 
1998; Wassink and Green, 2001; Clements et al., 2002) and the costs associated with 
the disease have been estimated at £24.4M annually for Great Britain or £1.32 per 
ewe and £0.15 per lamb (Chapter 2). 
Infection of animals by a disease is expected to affect their general wellbeing and 
performance. For example, estimates of the reduction of live weight in lambs 
infected with internal parasites range from 6.2 to 23% (Coop etal., 1985; Mackay et 
al., 1998). Sheep scab leads to a 53% reduction in growth rate in lambs (Kirkwood, 
1980) and a 10% loss in birth weight (Sargison et al., 1995), while losses in lamb 
weaning weight due to Maedi-Visna have been estimated at 12% for the most severe 
cases (Pekelder, 1994). Based on results of Symons (1978) and Stewart etal. (1984) 
it can be estimated that ewes infected with footrot have a reduced lamb output of 
18%. Marshall et al. (1991) investigated the long-term effect of footrot on the live 
weight of wethers that were 1.5 years old at the start of a 2 year trial. One group of 
animals that was left largely untreated over the study period showed a significant 
decrease in body weight at times of high footrot prevalence, but on average animals 
regained the lost weight in the following months. Any variation between animals in 
their response to footrot and the nature of this variation were not studied. 
Genetic variation in resistance to footrot has been demonstrated (Raadsma et al., 
1994, Conington et al., 2007), with the heritability depending on the definition of 
footrot (number of classes, observed or underlying scale) and reaching values up to 
0.3. While Raadsma etal. (1994) showed an increased risk of footrot with heavier 
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live weights, they did not estimate the effect of footrot on live weight gain. Breeding 
objectives for most selection programmes for meat or multipurpose sheep breeds 
include higher growth rates, and it is important to know if higher weights achieved 
through selection will lead to higher susceptibility to footrot and consequently higher 
weight losses. 
The current study aims to estimate the effect of footrot in lambs on their growth 
performance. Data on footrot severity and live weights are used from the experiment 
described by Raadsma et al. (1994) in which lambs were exposed to footrot and 
vaccinated 6 or 9 weeks later. A further aim is to separate effects of live weight on 
the risk of footrot from the effect of footrot on subsequent live weights. To this end, 
a number of extra traits are defined to describe footrot severity and the effects on 
growth. Genetic and phenotypic correlations between footrot severity and weight 
(gain) are estimated, allowing prediction of the effects of selection on increased 
weights on footrot and its consequences. 
5.2. Material and Methods 
5.2.1. Animals and treatments 
A study was conducted over a four year period, as described in detail by Raadsma et 
al. (1994). Each year, two groups of about 200 Merino sheep were infected with 
footrot on two separate occasions followed by vaccination. All data from year 2, 
when the trial was interrupted by a dog attack that killed some sheep and required 
treatment of others, were eliminated, however. At the start of trial 1 when animals 
were about 10 months of age they were artificially infected for the first time, the 
second infection through exposure on pasture (start of trial 2) was about 33 weeks 
after the first and the two trials combined took 48 weeks (Table 5.1). Weights at, or 
close to, the start of each of these two trials and at 3-weekly intervals were recorded 
for up to 15 weeks after infection, although not all weights were taken on all animals 
(see Table 5.2). An overall footrot score was assigned to each animal at the same 3-
weekly intervals on a 0 (no footrot) to 5 (severe footrot) scale and the number of feet 
affected was recorded. Data from animals that had footrot in week 27 (6 weeks prior 
to the second infection) were not considered for the second trial. Animals were 
vaccinated with homologous strain vaccines 9 and 6 weeks post infection in each 
trial respectively, inducing a high degree of healing (Raadsma et al, 1994) 
The total dataset comprised 1267 animals with complete records for the first trial 
(Table 5.2). Of these 1225 animals with a 27 week weight record were included in 
the analysis of the second trial (group size varying from 205 to 220 in trial 1 and 198 
to 214 in trial 2). 	 - 
Table 5.1 Time/me of treatments-and records over the two trials 
Reference 	Time 	Event 	 Records 
against 
Reference 
challenge 1 a  -5 days 	predisposition on wet mats 
challenge 1 	0 days 	infection through bandaging 
bandages removed, remain on wet 
challenge 1 +3 days 	mats 
challenge 1 	+2 wk 	1st inspection and exit to pasture footrot score, live weight 
challenge 1 +3 wk Inspection footrot score, live weight 
challenge 1 +6 wk Inspection 	 - footrot score, live weight 
challenge 1 +9 wk inspection + vaccination footrot score, live weight 
challenge 1 +12 wk inspection + booster footrot score, live weight 
challenge 1 +15 wk Inspection footrot score, live weight 
challenge 1 +27 wk Inspection footrot score, live weight 
challenge 2b 0 wk predisposition with donor sheep 
challenge 2 + 3 wk first inspection footrot score, live weight 
challenge 2 + 6 wk inspection + vaccination footrot score, live weight 
challenge 2 + 9 wk inspection + booster footrot score, live weight 
challenge 2 + 12 wk Inspection footrot score, live weight 
challenge 2 + 1 5 wk Inspection footrot score, live weight 
achallenge  1 occurred at 10 months of age 
bchallenge  2 occurred 33 weeks after challenge 1 
reM 
Table 5.2 Number of animals recorded and average footrot score, number offeet 
affected and average live weight over the two trials 
Time since 	Number of 	Average footrot Average 	Average live 
start (weeks) 	records 	score 	 number of feet weight (kg) 
affected 
2 1267 1.80 1.10 24.3 
3 205 1.74 1.07 25.5 
6 856 1.62 0.83 27.9 
9 1267 1.48 0.70 28.9 
12 1265 0.70 0.33 30.0 
15 1265 0.24 0.10 31.7 
27 1267 0.06 0.03 33.9 
27 1225 0 0 34.0 
36 1225. 2.18 2.12 35.8 
39 1224 2.57 2.15 33.7 
42 1224 1.81 1.47 33.1 
45 1225 0.56 0.32 33.7 
48 1225 0.54 0.38 34.6 
includes only those free of footrot for inclusion in trial 2 
5.2.2. Quantifying the Impact of Footrot on Weight Gain 
Initial inspections of the live weight data indicated that impacts of footrot on weight 
gain are transient. Therefore, additional traits have to be derived from the raw data to 
capture these transient effects. To enable this, a general framework for the effect of 
infection or disease on the live weight of an animal was developed as shown in 
Figure 5.1. In terms of effects on live weight, the first noticeable effect will be 
weight loss or reduced gain some time after the infection. This may coincide with the 
first observation of clinical signs of disease, precede them or follow later. If an 
animal recovers from the disease, the weight loss will reach a maximum and then 
decline and there may or may not be a permanent long-term effect on the animal's 
live weight. 
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Figure 5.1 shows a hypothetical profile for the change in footrot score that peaks at 
time t=6; a straight line depicts the weight gain of an unaffected animal, and a curve 
that of an affected animal that initially loses weight and then regains much of the 
weight loss through compensatory growth. 
Footrot score • 	peak time 
weight (no FR) . - - —weight (FR) 
madmum weight effect • time of maamum weight effec t  










0 	 5 Time 	10 	 15 
Figure 5.1 Generaiframework for the development offootrot and weight following 
infection (footrot  score, on 0 to 5 scale, time after infection and weights in arbitrary 
units). 
Based on this figure the following new traits can be defined: 
Peal time (tmfr): the time between infection and the highest footrot score, 
Maximum weight effect (max'wte): the biggest negative difference in weight of an 
infected animal compared to that expected from unaffected growth, 
Time of maximum weight effect (tmwe): the time at which the maximum weight 
effect occurs since infection, 
Time (tmfr) between maximum footrot and maximum weight loss. 
5.2.3. Analysis 
The effect of footrot on weight gain (or loss) can be estimated at two levels: a 
general estimate at population level and an individual animal estimate. The former 
can be estimated by comparing unaffected animals with affected animals, taking into 
- 
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account severity of the disease (Marshall et al. 1991). The second method, which 
allows estimation of between animal variation, requires comparison of the actual 
growth curve of an affected animal with the unobserved curve predicted for that 
individual animal if had not been affected. 
In line with Raadsma et al. (1994), animals were deemed unaffected if they did not 
have any overall footrot scores> 1 over a trial. Growth curves for unaffected 
animals in trial 1 were estimated using SAS GLM (SAS Institute Inc., 1989) fitting 
the model: 
Ylmn =flock, + group1 + sexk + rear typej + dam agem + b1t + (b2?) + (b3t3) + b4day + 
b5wtst + b61t.group1 + b7kt.sexk  + e1mn 
With: 
Yyklmn = live weight of animal n at time t since infection 
flock1 = effect of flock of origin (i1-4) 
grOUpj = effect of treatment group (j1-6) 
sexk = effect of sex (female, castrate) 
rear typei = effect of rear type (1= 1,2,3) 
dam agem = effect of age of dam (m=2-9) 
day = day of birth within the calendar year 
wtst = start weight 
t = time since infection, in weeks 
t.groupj= the interaction of group with t 
t.sexk— the interaction of sex with t 
b1, b2, b3 = linear, quadratic and cubic regression of weight on time since infection 
b4 = linear regression of weight on day of birth 
= linear regression of weight on start weight 
b6, b7k = group or sex specific linear regressions of weight on time since infection 
For trial 2 the same model was used, except that the sex by time interaction was not 
significant and was eliminated from the model. Note that for trial 1 the earliest 
available weight was two weeks after infection and this was considered the start 
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weight. In trial 2, the weight 6 weeks prior to the second infection (27 weeks after 
the first infection) was used as start weight. 
For all animals, these regressions Were then used to predict live weight at time t, 
using (i) the linear regression (pwtl,) only, (ii) linear and quadratic terms (pwtq 1) and 
(iii) linear, quadratic and cubic (pwtc t) terms: 
pwtlt=wtst+b lt+b5wtst+b6ft.groupf +bmt.sexk 
pwtqwtst+bit+b2?+b5wtst+ b6Jt.groupf+b7kt. sexk 
pwtc t=wtst+bi t+b2?+b3?+b5wtst+ b6Jt.groupf+b7kt. sexk 
The same procedure was used for-trial 2, but without the sex-specific regression of 
weight on time. 
DeviatiOns of actual from predicted weights, at various time points, were calculated 
for each animal, separately for the pwtl, pwtq and pwtc predictions. In affected 
animals, this deviation is expected to be negative (i.e. a reduction in weight gain). 
The maximum weight effect (maxwte) was the most negative deviation, and the time 
this occurred was the week of maximum Weight effect (tmwe). In cases where the 
same maximum weight effect occurred more than once, the time of the maximum 
was the average of the occurrences when this maximum occurred. The variable 
endwte was calculated as the weight deviation at the end of each trial, again 
separately for predictions based on linear, quadratic or cubic regressions. 
The effect of footrot on these traits was then estimated with SAS GLM for all 
animals in each trial as: 
Y,jklmn = flock 1 + grOUpj + sexk  + rear type! + dam agem + biday + b2footrot + eyklmn 
Where Yijklmn = maxwte or tmwe and footrot = sum of footrot scores or maximum 
footrot score during the trial. 
Regardless of the effects of footrot, maxwte (and possibly tmwe) can be expected to 
have a genetic component, as it is a measure of growth compared to a group average. 
In this study we are interested in whether this genetic component is related to 
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measures of footrot resistance. Genetic analyses were done with an animal model 
using VCE 5.1 (Kovac and Groeneveld, 2003), generally with the model: 
Yijk1mno=flOCk(JOUpj+5exk+rear type j+dam age m+bi .day-l-b2 .wtst+ 
b3.footrot+animaln+eykjmno 
with variables defined as above and animal,, is a random effect accounting for the 
direct genetic effect associated with animal n. The start weight effect accounts for the 
weight related risk of contracting footrot and was excluded from certain models in 
multivariate analyses of live weights. The footrot effect was not included when 
analysing footrot severity or in multivariate analyses with a footrot measure as one of 
the dependent traits. The pedigree contained 5815 animals. 
5.3. Results 
The average overall footrot score and live weights for animals deemed free of footrot 
(maxFR<2) and also for affected animals are presented in Figure 5.2. The 
development over time confirms the basic framework in Figure 5.1. It can be seen 
that the impacts on live weight do appear to be transient, occurring after the time of 
maximum footrot severity. 
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Figure 5,2 Average overall score and live weight for animals with a maximum 
footrot score <2 (no FR group) and others (FR group) 
Weights of animals were predicted using their weight at the start of the trial and 
growth curves estimated from the healthy animals. In trial 1, there were 435 healthy 
animals with a total of 2164 weight records, while only 84 animals, with 419 
weights, were considered unaffected in trial 2. Linear, quadratic and cubic terms of 
the growth curves were significant in both trials. 
5.3.1. Effect offootrot on live weight 
Tables 5.3 sunimarise the parameters describing the impact of footrot. The traits 
shown are: sumFR the sum of all footrot scores over the trial, maxFR the maximum 
of the footrot scores over the trial, and other parameters are defined above. With 
regard to timing, it can be seen that peaks for footrot score and the maximum weight 
effect could occur at any time during the trials (from week 3 to 27 in trial 1 and week 
3 to 15 in trial 2), but the average time of the maximum footrot score in both trials 
was between 6 and 8 weeks, with the maximum weight effect following later. In trial 
1, depending on how the healthy growth was predicted, the maximum weight effect 
occurred 7 to 10 weeks after the highest footrot score (twejr), while in trial 2 on 
average the delay was only 2 to 3 weeks. There were some minor differences in the 
estimated effects using linear, quadratic or cubic terms in the prediction of healthy 
growth. 
Over the duration of trial 1, animals (both affected and not affected) gained an 
average of almost 10 kg and the average maximum weight effect (maxwte) was, as 
expected, negative (-1. 8  to —3.3 kg), but by the end of the trial the effect on weight 
had almost completely disappeared. In trial 2, there was little weight gain (+0.6 kg) 
and the average maximum weight effect was larger (4.1 to —4.7 kg). At the end of 
trial 2, which was much shorter, only a small weight loss remained, showing 
important compensatory growth. 
The maximum weight effect is only moderately correlated with the weight at the end 
of each trial, whereas there is a much stronger correlation with the growth over the 
trial (adjusted for start weight) (Table 5.4). 
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Table 5.3 Distributions offootrot and weights traits. Weights in kg and times in 
weeks 
Trial 1 Trial 2 
Trait Mean SD Min Max Mean SD Min Max 
All animals (trial] N= 1267, trial 2 N=1225) 
Gain 9.6 5.4 -6.0 28.0 0.6 3.7 -14.0 12.5 
FRmax 2.1 1.5 0 5 3.0 1.0 0 5 
FRsum 5.8 5.3 0 24 7.7 3.9 0 20 
Unaffected animals (trial 1 N= 435, trial 2 N=84) 
Gain 9.6 5.4 -4.0 28.0 1.8 2.2 -4.9 6.3 
FRmax 0.2 0.4 0 1 0.4 0.5 0 1 
FRsum 0.3 0.6 0 3 0.6 0.7 0 2 
Affected animals (trial 1 N= 832, trial 2 N=1141) 
Gain 9.6 5.4 -6.0 25.0 0.5 3.7 -14.0 12.5 
FRmax 3.1 0.7 2 5 3.1 0.7 2 5 
FRsum 8.7 4.5 2 24 8.2 3.5 2 20 
Maxwte linear -1.8 3.4 -14.5 12.1 -4.1 3.2 -16.0 5.7 
Maxwte quadr. -3.2 3.4 -17.0 9.5 -4.7 3.2 -16.9 5.0 
Maxwte cubic -3.3 3.4 -17.0 9.4 -4.7 3.2 -17.0 4.9 
Endwte linear -0.1 3.7 -12.9 14.6 -0.7 3.4 -12.6 12.3 
Endwtequadr. -0.4 3.7 -13.3 14.2 -0.7 3.4 -12.5 12.4 
Endwte cubic -0.5 3.7 -13.5 14.0 -1.0 3.4 -12.8 12.0 
Tmfr 7.6 3.5 3 27 6.3 2.1 3 15 
Tmwe linear 17.5 9.6 3 27 9.4 3.4 3 15 
Tmwequadr. 15.4 8.2 3 27 8.7 3.2 3 15 
Tmwe cubic 15.0 8.3 3 27 8.7 3.4 3 15 
Twejr linear 9.9 10.7 -21 24 3.0 3.8 -9 12 
Twefrquadr. 7.8 9.4 -18 24 2.4 3.6 -9 12 
Twejr cubic 7.4 9.5 -18 24 2.3 3.7 -9 12 
Weight at the start of each trial has a clear effect on the size of the maximum weight 
effect, with a regression of 0.05 to 0.10 kg/kg of start weight on maximum weight 
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loss in trial 1 (depending on exact model) and about 0.15 in trial 2 (P<0.0 1). Table 
5.5 shows the effect of footrot on the size and time of the maximum weight effect in 
trial 1 and trial 2, estimated as a linear regression and depending on the order (linear, 
quadratic and cubic) used to predict healthy growth. Again there is little difference 
between estimates based on linear, quadratic or cubic predictions of healthy growth. 
Footrot, by either measure has a highly significant negative effect on live weight. For 
example in trial 1, an animal with a SumFR of 5.8 (the average) would lose about 0.5 
to 0.6 kg compared to healthy growth. The effect of the maximum scores is slightly 
larger, ca. 0.6 to 0.8 kg loss at a maximum score of 2.1. The effects in trial 2 are 
much larger, both due to higher regression coefficients and higher average footrot 
scores, resulting in 1.7 kg weight loss at a sum of scores of 7.7, and 2.5 kg loss for a 
maximum score of 3.0. In trial 1, the effect of severity of footrot on the time the 
maximum weight effect (tmwe) occurs is also highly significant, with the effect 
occurring sooner for more severe footrot. There is no such effect in trial 2. 
Table 5.4 Residual correlations of the maximum weight effect (maxwte) with end 
weight or weight gain over each trial, using a linear prediction of healthy growth 
Trial 1 	Trial 2 
End weight 	 0.62 	0.31 
Gain over trial 	 0.81 	0.62 
gain and maximum weight effect adjusted for start weight 
5.3.2. Genetic effects on weight loss 
Univariate estimates of genetic variances and heritabilities for the various footrot and 
derived traits, based on models accounting for the standard fixed effects, start weight 
and sum of footrot scores for affected animals are in Table 5.6. In this model the 
genetic variance for each trait is adjusted to the same severity of footrot and the same 
growth potential (as approximated by the start weight). In trial 1, the heritability for 
the maximum weight effect is about 0.30 and higher than that of gain over the same 
period, which is 0.17. The heritability is smaller in trial 2, but the phenotypic 
variance is similar. The time of peak footrot or maximum weight loss and the length 
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of time between them have very small heritabilities, which also depend on the order 
of covariates used to estimate healthy growth. 
Table 5.5 Effects offootrot severity on weight and time of maximum weight effect 
('regression) and level of sign Ulcance in trial 1 and 2, depending on the order of the 
regression used in the prediction of healthy growth 
Trial 1 	 Trial 2 
Trait 	Order Footrot Regressions 	P 	Regressions 	p 
trait 
Maxwte L SumFR -0.08 <0.001 -0.22 <0.001 
Q SumFR -0.11 <0.001 -0.22 <0.001 
C SumFR -0.11 <0.001 -0.22 <0.001 
Maxwte L MaxFR -0.30 <0.001 -0.80 <0.001 
Q MaxFR -0.39 <0.001 -0.83 <0.001 
C MaxFR -0.39 <0.001 . -0.81 <0.001 
Tmwe L SumFR -0.20 <0.001 -0.01 0.59 
Q SumFR -0.18 <0.001 -0.01 0.72 
C SumFR -0.17 <0.001 -0.00 0.93 
Tmwe L MaxFR -0.57 <0.001 -0.15 0.14 
Q 	MaxFR 	-0.53 	<0.001 	-0.13 	0.16 
C MaxFR 	-0.53 	<0.001 	-0.14 	0.17 
$ linear regression units are kg/point for maxwte and endwte, weeks/point for tmwe 
Table 5.7 shows the genetic and phenotypic correlations between the various 
variables defined from trial 1 data, including the sum of footrot scores and the 
maximum footrot score, as well as heritabilities for each variable. The model fitted 
was the same for all traits and excluded the start weight. Because the two footrot 
score variables were highly correlated and a model with both included would not 
converge, estimates in Table 5.7 are based on two separate multivariate analyses 
each excluding either footrot measure (estimates for parameters in both analyses 
were essentially the same). The estimates for the heritability of these traits were 
similar to those presented by Raadsma et al. (1994). Note that the heritabilities are 
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slightly different from those in Table 5.6 for the same trait; this is due to the 
differences in model and the multivariate analysis. 
Table 5.6 Genetic variances and heritabilities for weight effects in affected animals 
(n=832 for trial, n=1141 for trial 2), depending on the order of the regression used 
in prediction of healthy growth. Models fitted included the standard fixed effects and 
start weight and sum offootrot scores as covariates, andfor trial 2 also sum of 
footrot scores from trial 1 
Trial 1 	 Trial 2 
Order 	Genetic 	h2 (s.e.) 	Genetic 	h2 (s.e.) 
variance' variance 
Max'?vte L 2.74 031 (0.07) 1.32 0.16 (0.95) 
Q 2.33 0.29 (0.06) 1.24 0.15 (0.05) 
C 2.21 0.27 (0.06) 1.26 0.15 (0.05) 
Tmwe L 6.45 0.11 (0.04) 1.05 0.10 (0.05) 
Q 1.31 0.03 (0.04) 1.65 0.18 (0.05) 
C 0.38 0.01 (0.03) 1.84 0.18 (0.05) 
Tmfr 0.61 0.06 (0.04) 0.09 0.03 (0.04) 
Twejr L 8.64 0.12 (0.04) 0.57 0.04 (0.04) 
Q 2.77 0.05 (0.04) 1.41 0.11 (0.04) 
C 1.41 0.02 (0.04) 1.70 0.13 (0.04) 
Footrot score and maximum weight effect have a negative genetic correlation 
indicating that selection for increased resistance to footrot would lead to a lower 
impact on weight in affected animals. The phenotypic correlation between maxwte 
and tmwe is quite negative, which is consistent with some animals recovering, while 
others continue to lose weight, but-the genetic correlation is small and positive. There 
is a strong positive correlation between maxwte and wtst showing that at equal 
severity of footrot, larger animals cope better with the disease, and the negative 
correlation with tmwe suggests that the effects that do occur will happen sooner. 
Based on the negative correlation of maxFR and tmfr it appears that the sooner 
footrot reaches maximum severity, the less severe it is. 
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Table 5.7 Genetic parameters (standard errors) and phenotypic correlations for 
weight andfootrot traits including start weight in trial 1. Heritabilities on, genetic 
correlations below and phenotypic correlations above diagonal 
Maxwte 	Tmwe 	SumFR MaxFR 	Tmfr 	Wtst 
linear 	linear 
Maxwte 0.29 -0.14 -0.14 -0.15 0.03 -0.08 
linear (0.05) 
Tmwe -0.79 0.21 -0.16 -0.12 -0.03 -0.42 
linear (0.11) (0.04) 
SumFR -0.24 -0.21 0.18 n.e. -0.16 0.09 
(0.15) (0.15) (0.04) 
MaxFR -0.25 -0.15 n.e. 0.14 -0.44 0.06 
(0.14) (0.12) (0.03) 
Tmfr 0.11 -0.22 -0.57 -0.79 0.08 0.01 
(0.23) (0.22) (0.21) (0.14) (0.03) 
Wtst 0.67 -0.85 0.05 -0.13 0.32 0.25 
(0.13) (0.09) (0.16) (0.11) (0.26) (0.05) 
n.e. = no convergence 
In alternative analyses (not shown) in which the start weight was included in the 
model as a covariate, or maxwte and tmwe were based on estimates of healthy growth 
including a cubic term, genetic and phenotypic correlations were very similar. 
The equivalent estimates for trial 2 are in Table 5.8. Compared to trial 1 (Table 5.7), 
estimates of genetic correlations between weight loss and footrot are stronger, but 
there does not seem to be a correlation of footrot severity with timing of its peak. The 
genetic correlation between start weight and maxwte is much lower, indicating that at 
this stage, genes that affect growth have a much smaller effect on the reaction to 
footrot. 
In contrast, the alternative analysis (not shown) that included start weight as a 
covariate in the model for the other five traits, shows similar genetic correlations, but 
phenotypic correlations between footrot severity and weight loss are much stronger, 
confirming an important effect of footrot on weight loss. The phenotypic correlation 
between tmwe and tmfr of 0.89 after both have been adjusted for start weight, shows 
a strong dependency between timing of footrot and the maximum weight loss. 
Phenotypic correlations (repeatabilities) across the two trials for weight loss and 
footrot scores were low (Table 5.9), as was the genetic correlation between maxwte 
in the two trials, although of opposite sign to the phenotypic correlation. In contrast 
the severity of footrot in the two trials has a highly positive genetic correlation, 
indicating environmental effects specific to each trial. 
Table 5.8 Genetic parameters (standard errors) and phenotypic correlations for 
weight and footrot traits including start weight in trial 2. Heritabilities on, genetic 
correlations below and phenotypic correlations above diagonal 
Maxwte Tmwe SumFR MaxFR Tmfr Wtst 
linear linear 
Maxwte 0.15 0.09 -0.26 -0.25 -0.01 -0.21 
linear (0.03) 
Tmwe -0.41 0.11 -0.02 -0.04 0.05 -0.17 
linear (0.14) (0.02) 
SumFR -0.46 0.16 0.24 0.78 0.21 0.02 
(0.09) (0.11) (0.04) 
MaxFR -0.57 -0.13 0.89 0.13 0.01 0.00 
(0.11) (0.13) (0.05) (0.03) 
Tmfr -0.01 0.48 0.06 -0.26 0.05 -0.02 
(0.18) (0.15) (0.22) (0.25)  
Wtst 0.23 -0.36 -0.13 -0.14 0.62 0.49 
(0.11) (0.08) (0.10) (0.13) (0.15) (0.04) 
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Table 5.9 Phenotypic and genetic correlations between the same trait in the two 
trials, estimated in a model fitting start weight as a covariate 
Correlation Maxwte linear Tmwe linear SumFR 
Phenotypic -0.19 0.09 0.07 
Genetic (s.e.) 0.15 (0.03) 0.78 (0.03) 0.72 (0.03) 
5.4. Discussion 
This aim of this study was to estimate the effect of footrot on weight gain of affected 
animals, and to investigate the nature of the between-animal variation for this effect. 
A general theory was developed describing the relationship between disease and 
weight gain, and new traits were defined such as the maximum weight loss as a result 
of disease and the time after infection that this occurs. 
The new trait of maximum weight effect was defined as the maximum weight loss of 
animals as a result of footrot. This trait required prediction of an animal's weight had 
it not been affected, which was achieved by applying the growth curve of unaffected 
animals in the same flock and taking into account various effects that may affect 
growth, such as sex and age. The accuracy of this prediction is difficult to assess, but 
is likely to be better in the first trial as it was based on many more animals. 
The weight of an affected animal is determined by the animal's (unknown, but 
predicted) growth if it had remained healthy and the footrot effect, estimated as 
predicted growth - actual growth. Systematic errors may be introduced in the 
estimation of the footrot effect because healthy growth has an important genetic 
component, but is accounted for in the prediction by including an effect of start 
weight on growth. If the footrot effect for faster growing animals was still 
underestimated this would lead to a negative correlation between healthy growth and 
the footrot effect, but the actual genetic correlations between gain over the trial and 
weight loss are highly positive. 
The estimation method for genetic parameters was based on the assumption of 
normal distributions. Some measures of footrot that violated this assumption (such as 
a binary score of footrot/no footrot) were therefore excluded from the analyses.. 
Skewness and kurtosis for MaxFR and SumFR were between -2 and +2 in both trials. 
It was confirmed that a higher live weight is associated with an increased risk of 
footrot. Animals with average severity of footrot in the trial 1 and 2 are predicted to 
suffer weight losses of 0.5 and 2.5 kg live weight respectively, compared to 
uninfected animals. Animals subsequently regained most of the lost live weight later 
in the trials after they recovered from footrot. Weight loss, whether adjusted for the 
level of footrot or not, had a genetic component, with heritabilities of approximately 
0.30 in trial 1 and 0.15 in trial 2. Although the two traits were similar in nature, the 
method of challenge, serogroup and virulence of challenge isolate and timing of 
challenge were different, and this may account for differences in relationship 
between weight gain and footrot. 
For an average weight of animals around 30 kg, the weight loss estimated in this 
study is a much smaller percentage (2 to 8%) of live weight than found for other 
sheep diseases (Coop etal., 1985; Mackay etal., 1998; Kirkwood, 1980; Sargison et 
al., 1995; Pekelder, 1994). The effect is similar to a 6.7% reduction in lamb output 
due to footrot in ewes estimated from results presented by Symons (1978) but much 
lower than the 30% found by Stewart et al. (1984). Costs of footrot to the British 
sheep industry estimated in Chapter 2 are based on extrapolating the average of 
results presented by Symons (1978) and Stewart etal. (1984) to a weight effect, i.e. 
an 18% reduction in growth. In Chapter 2 the total costs of footrot are estimated at 
£24.4M, of which only £1.5 M is due to reduced lamb growth so a reduction based 
on the current findings would have a little impact on the total. Both trials confirm 
findings by Marshall etal. (1991) that sheep eventually completely regain weight 
lost due to footrot, but in this experiment animals were treated by therapeutic 
vaccination rather than left untreated. 
For the British meat sheep industry the main costs of footrot are suffered therefore in 
adult ewes at times of mating, lambing and lactation. In wool sheep, such as the 
Merino in this study, footrot will also impact negatively on fleece weight and fleece 
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quality, specifically staple strength, which is not recoverable (Symons, 1978; Stewart 
et al. 1984). 
In general terms conclusions are similar for the two trials, which used the same 
animals, but there are differences in the size of the weight loss, the time frame and 
the heritability of weight loss and timing. While the trials differed in various aspects, 
including animal age, the method of infection and the time between infection and 
vaccination, it seems reasonable to assume that the previous infection affected the 
response of animals in the second trial. While the footrot scores across the two trials 
showed a high positive genetic correlation, this was not the case for the maximum 
weight effect. The animal's response to subsequent infections should not therefore be 
regarded as repeat measures of the same trait. 
Selection for higher weights at a given age and consequent higher mature weights, as 
practised in most sheep breeding programmes, bears the risk, already established by 
Raadsma et al. (1994), that animals become more susceptible to footrot as a direct 
effect of weight. The current study shows that at a phenotypic level weight losses due 
to footrot also increase with severity, thus apparently compounding the negative 
effect of live weight on the animal's performance. In contrast, the first trial shows 
that at the genetic level animals with a high breeding value for growth lose less 
weight, which may be indicative of their (genetic) ability to better cope with the 
disease. The effect was smaller in Trial 2. 
Alternatively, selection for increased resistance to footrot may lead to lower weights, 
if footrot scores are not adjusted for live weight. In theory a selection programme 
could include weight loss due to footrot in order to identify the more resilient 
animals i.e. those that do not lose weight while showing clinical signs of footrot. 
Estimation of weight loss is not practical, however, as it would require knowledge of 
the time of infection and frequent weighing. Selection on growth should to a large 
extent identify the same animals. The low repeatability of footrot scores across the 
two trials means that any selection programmes aiming to increase resistance to 
on 
footrot through selection of resistant animals under natural challenges would benefit 
from repeated scoring of the same animals and use of information on relatives. 
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Chapter 6. Genetic and phenotypic aspects of foot lesion 
scores in sheep of different breeds and ages 
6.1. Introduction 
Footrot is an endemic disease of sheep which costs the British sheep industry an 
estimated £24M annually (Chapter 2). The disease is caused by bacteria, 
Dichelobacter nodosus, that can survive outside sheep hooves for only a limited time 
(Egerton, 2000), with prevalences being higher under damper conditions. 
Differences between breeds in resistance to footrot have been reported in Australia 
and the US. Emery et al. (1984) found that British breeds were more resistant than 
Merinos under a moderate challenge on pasture (as expressed in lower severity, 
rather than fewer feet affected), but not when cultures of D. nodosus were applied 
directly to each hoof. Burke and Parker (2007) found breed differences among 
various hair breeds, hair breed crosses and Dorset sheep in the number of locations 
on a hoof affected by footrot and odour but not footrot severity (or 'score') or 
consequential culling. 
Comparing offspring from different Targhee rams, Bulgin et al. (1988) concluded 
that susceptibility to footrot is heritable, without presenting a heritability estimate. In 
a lamb population with a prevalence of footrot ranging from 1 to 34% in females and 
31 to 57% in males, Skerman et al. (1988) calculated a heritability of 0.17 on the 
underlying scale for the binary trait (i.e. presence or absence of footrot) in Romney 
lambs of 8 to 9 months of age. In the same dataset, the heritability of 'overall score', 
an assessment of footrot severity on a continuous scale, was 0.14. The heritability 
estimated in an offspring-dam regression for the binary trait scored at about the same 
time was similar (0.12), suggesting that the trait in lambs of this age and ewes are 
genetically similar. 
Raadsma et al. (1994) reported that in deliberately-infected Merino sheep of 10 to 21 
months of age, the heritability for susceptibility to footrot can be as high as 0.3 when 
using the average of repeated measurements. The highest heritabilities were found if 
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footrot was analysed as a binary trait, i.e. presence or absence of footrot, or severe 
footrot, and using a threshold model. In the study of Raadsma et al. (1994), in which 
vaccination interventions were used, the repeatability of footrot scores was 
moderately high pre-vaccination (when prevalence was over 50%), but much lower 
post-vaccination (when prevalence was lower). The genetic correlation between 
successive cases of footrot after re-infection ranged from 0.14 to 0.95, with an 
average of 0.67, suggesting that some different genes are involved in response to 
subsequent cases of footrot. 
The potential to decrease the prevalence of footrot in Great Britain through selective 
breeding depends on a number of factors, including the heritability of resistance to 
the prevailing strains and the effect of the British climate on the bacteria. It may also 
depend on breed of sheep and age. A practical breeding programme requires a 
measure that can be readily applied to large numbers of sheep on commercial farms. 
Because of the complexity of diagnosis of footrot, this study investigated lesion score 
as defined by Egerton and Roberts (197 1) and applied by Raadsma etal. (1994). The 
effectiveness of a selection programme may be increased by repeated scoring of 
animals, which would be especially beneficial if the indicator traits were found to 
have a low repeatability. The aim of this study is to determine the heritability and 
repeatability of lesion scores in two breeds of sheep and at different ages, and to 
assess whether or not breeding for resistance to footrot is a promising option for 
British sheep breeders. The study follows a snapshot approach, in which all animals 
are measured simultaneously but little is known about the disease history of 
individual animals. This approach reflects the practical situation in the field and the 
conditions under which a commercial selection programme would operate. 
6.2. Material and Methods 
6.2.1. Animals 
This study included two populations of sheep; Scottish Blackface (SBF) and mules, 
i.e. the female progeny of longwool breed sires and hill ewes. In 2005, Scottish 
Blackface ewes and their lambs in two commercially managed SAC flocks were 
scored for footrot. Details of the structure of these flocks are described in Conington 
et al. (2006). In 2006, ewes in the same two flocks, as well as ewes in three 
commercial SBF flocks were scored, including 330 animals that had been scored as 
lambs in the previous year. All five flocks are members of the Scottish Blackface 
Sire Reference Scheme (http://www.bfelite.co.uk/)  and genetic links exist among 
them. Six generations of pedigree were used in subsequent statistical analyses, as 
well as routinely-collected data on date of birth, farm, management group, sex, litter 
size and, for lambs, live weight at about 20 weeks. 
The mules were from a population that had been created to investigate the effects of 
selection in purebred longwool rams on crossbred offspring. A total of 45 Blue Faced 
Leicester rams were crossed with 750 Scottish Blackface ewes and 750 Hardy 
Speckled Face over three years. The animals were kept on three farms in different 
parts of the country and recorded for maternal traits. In 2005, when they were first 
scored for footrot, they varied in age from 5 to 7 years, and they were scored again in 
2006. Details on these flocks are given by Van Heelsum et al. (2006). 
62.2. Scoring 
The scoring system described by Egerton and Roberts (197 1) was implemented as 
described in detail by Conington et al. (2008) and summarised in Table 6.1. Animals 
were inspected and awarded a score of 0 (healthy) to 4 (severe footrot) for each hoof, 
where a score of 1 may indicate scald or early stage footrot. Animals that appeared to 
be affected by footrot or any other disease at scoring were promptly treated with 
antibiotic spray and pared where required. 
The SBF ewes were scored once in each year, between 26 July and 17 October in 
2005 and 2006. Lambs were born in April, weaned in mid-August and were scored 
on 26 September or 18 November 2005. The mules were scored twice in both years, 
with the first score between 24 July and 14 September and the second between 13 
September and 20 October, with 30 to 80 days between successive scores on the 
same animal. There were a total of four scorers, two of whom scored in both years. 
Generally, sheep in the same management group were scored on the same or two 
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consecutive days. On the occasions when scoring of a management group spanned a 
longer period of time, the group was split accordingly for the purpose of the analysis. 
Table 6.1 Scoring system used in this study, each hoof is scored individually (from 
Conington et al., 2008) 
Score Definition 
0 	No lesions 
Mild interdigital dermatitis ('scald') with some loss of hair. Slight to 
moderate inflammation confined to interdigital skin and may involve 
erosion of epithelium 
2 	More extensive interdigital dermatitis and necrotising inflammation of 
interdigital skin. 
3 	Severe interdigital dermatitis and under-running of the horn of the heel and 
sole 
4 	Severe interdigital dermatitis and under-running of the horn of the heel and 
sole and with under-running extending towards the walls of the hoof. 
Various traits were derived from the hoof scores, which are explained in detail in 
Table 6.2 For mules, an additional set of traits was defined to include scores on the 
same sheep at different times (Table 6.2). 
Table 6.3 gives an overview of the numbers of animals scored at various times. 
Amongst the mule ewes, there were 389 second scores following a first score of no 
footrot, comprising 319 ewes. A total of 7381 animals were in the SBF pedigree, and 
8356 ewes were in the mule pedigree. 
KC 
Table 6.2 Foot lesion traits derived from raw scores 
Acronym Trait description 
FS 	Foot lesions as a binary trait: FS = 1 if any hoof score >0 
FS24 	Severe foot lesions as a binary trait: FS24 = 1 if any hoof scored in the 
range 2 to 4 
FSsum 	Sum of scores over 4 feet 
FSmax 	Maximum score over 4 feet 
Nfl] 	Number of feet with score> 0 at time of scoring 
Nfl2 	Number of feet with score> 1 at time of scoring 
For mules only (nFS = number of times an animal was scored, range 1-4) 
FSa 	Average FS over available scores (i.e. a value between 0 and 1) 
FSan 	FSa for animals with nFS> 1 
FS24a 	Average FS24 
FS24an FS24a for animals with nFS> 1 
Nfeet Average number of feet affected 
Nfeet24 Average number of feet with a score in the range 2 to 4 
Nfeetn Nfeet for animals with nFS> 1 
Nfeet24n Nfeet24 for animals with nFS> 1 
Table 6.3 Numbers offoot lesion score observations 
2005 	 2006 
Event 1 	Event 2 	Event 1 	Event 2 
Mule ewesTT 	 686 	 529 	 398 	 229 
Blackface ewes 1353 
	
2987 
Blackface lambs 	 1199 	 Not measured 
498 ewes were scored twice in 2005 and 217 were scored twice in 2006. 
Across both years, 710 ewes had a first score and 537 a second score. 
§ 1071 ewes were scored twice 
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62.3. Statistical Analysis 
For SBF, footrot score data were linked to performance and pedigree records held by 
MLC's Signet breeding services and each derived footrot trait on a ewe was analysed 
in three ways, based on different datasets: 
Repeated measures over time of the same trait on a ewe (1 or 2 observations per 
animal) 
Traits measured in 2005 and 2006 treated as separate traits 
Repeated measures of the same trait on each of the 4 hooves of a ewe and over 
time (4 or 8 observations per animal) 
Further, scores on lamb were analysed as: 
Measures on lambs, one observation per animal 
For mules, footrot traits were analysed as follows: 
Repeated measures over time of the same trait on an animal (up to 4 observations 
per animal) 
Each scoring event treated as a separate trait 
As F but with censored traits; second scores valid only if no footrot was observed 
at the first score within each year 
Method G was used because second scores may be affected by earlier cases of 
footrot, especially when animals were treated for footrot after the first score. 
After initial investigation with the generalised linear model procedure of SAS 
(1989), an appropriate statistical model was determined by stepwise elimination of 
non-significant interactions and main effects using ASReml (Gilmour et al., 2002) 
with an animal model for all traits, as well as a sire model with logit link function for 
univariate analysis of binary traits. The results presented are based on the model that 
contains all significant (P<0.05) main effects and interactions for that dataset. 
Based on this analysis the standard model used for genetic analysis of SBF ewes 
(sets A, B and C) was: 
Yijklmn = groupj + scorer + group 1 .scorer + agek + lsr1 + Am + eijklmn 
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Where:yijklmn = footrot trait measured on animal m, groUpi = management group 
within flock, scorers = scorer 0=1 to 4), agek = age at scoring in years, with 6, 7 and 8 
years considered as one class, tsr1 = litter size reared by the ewe in the year of 
scoring, 1=0, 1 ,?2 and A n = additive genetic effect of animal m or its sire 
In some data sets additional effects were of significant size and included: 
A: groupi.agek, group.lsri and animal_envm 
B in 2005 and 2005&2006: group 1 .agek, group 1 .lsrt and scorerj .agek 
C: scorerj .agek, scorer.lsri, scorerj.agek, agek.lsrl, scorer J .lsrI.agek, foot0 and 
animal envm 
Where: animal_envm = permanent environmental (i.e. non-genetic) effect associated 
with animal m, foot,, = permanent environmental effect of the foot. 
Note that management group-is different for each scoring event, so that no separate 
effect for scoring event is required. 
For lambs (set D) the model was: 
Yijkim = groupj + scorerj + group .scorer + b i .age + lsrk + b2.swt + A1 + eijkjm 
Where b i=regression of footrot on age (age in days), b 2=regression of footrot on scan 
weight and swt=scan weight (weight at approximately 20 weeks of age) 
For the mules the following models were used: 
Dataset E: 
Yijklm = mu + year + groupj + scorerk + scorerk.groupj + animali + Cijklm 
Where: YijkIm = footrot trait measured on animal 1, yeari = year of birth, groupj = 
management group within flock, scorerk = scorer and animal 1 = additive genetic 
effect of the animal. 
And datasets F, G: 
Yijklmn = mu + year1 + groupj + scorerk + scOrerk.grOUpj + scorem + animal_envi + 
animali + eijklmn  
Where: score m = scoring event (m= 1,2 or m= 1-4 depending on the dataset) 
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The analysis of the additional persistency scores was based on the model used for 
dataset B with an extra fixed effect for the number of scoring events the trait was 
based on. 
In mules, for some of the multivariate analyses of traits scored at different points in 
time, parameter estimates approached the boundaries of the parameter space and did 
not converge. In these instances, genetic and residual variances were fixed at the 
values obtained from univariate analysis. Consequently, standard errors of 
heritabilities and genetic correlations could not be estimated. 
6.3. Results 
6.3.1. Data summary 
Table 6.4 shows the distribution of the foot lesion scores in SBF. The averages for 
FS and FS24 are the presumed prevalence of footrot and severe footrot respectively, 
bearing in mind that individual animal diagnoses of footrot were not made. More 
lambs than ewes were affected, and the infection in lambs appeared to be more 
severe in terms of scores and number of feet involved. There was very little 
difference in mean scores between the two years for ewes. Because foot lesion scores 
were skewed to the right, log transformed values of FSsum and FSmax were included 
in the analyses, but this had no noticeable effect on results and is not reported here. 
The average prevalence of foot lesion scores in mules (i.e. FS> 0) was 51%, ranging 
from 27% in 2006 (1) to 64% in 2005 (2) (Table 6.5), and from 42% in one flock to 
59% in another. The average raw score on a foot basis over the four events showed 
no significant differences between feet and ranged from 0.32 (SD 0.65) for the left 
hind foot to 0.34 (0.65) for the left front foot, and was only marginally higher for 
front feet (0.337) than rear feet (0.322). 
Table 6.4 Mean, standard deviation (SD) and third quartile (Q3)for derivedfoot 
lesion score traits in SBF lambs and ewes 
Lambs 2005 Ewes 2005 Ewes 2006 
Trait Mean SD Q3 Mean SD Mean SD 
FSt 0.34 0.47 1 0.17 0.37 0.18 0.38 
FS24 0.13 0.34 0 0.09 0.28 0.08 0.27 
Fssum 0.81 1.47 1 0.45 1.20 0.45 1.18 
FSmax 0.54 0.92 1 0.32 0.83 0.33 0.86 
Nfl] 0.55 0.92 1 0.26 0.67 0.26 0.66 
Nfl2 0.18 0.52 0 0.12 0.44 0.10 0.37 
acronyms are explained in table 6.2 
§ for lambs all first quartiles and medians are 0; for ewes all first quartiles, medians 
and third quartiles are 0 in both years 
Table 6.5 Mean (Mn), standard deviation (SD) and third quartile (Q3)for derived 
foot lesion score traits in mules at the different scoring eventst 
2005(1) 2005(2) 2006(1) 2006(2) 
Trait Mn SD Q3 Mn SD Q3 Mn SD Q3 Mn SD Q3 
FS 0.51 0.50 1 0.64 0.48 1 0.27 0.44 1 0.59 0.49 1 
FS24 0.16 0.37 0 0.16 0.36 0 0.10 0.30 0 0.17 0.38 0 
Fssum 1.28 1.83 2 1.78 1.91 3 0.59 1.26 1 1.62 1.99 2 
FSmar 0.82 1.08 1 0.94 0.82 1 0.41 0.80 1 0.81 0.83 1 
Nfl 0.90 1.11 1 1.49 1.46 2 0.42 0.83 1 1.26 1.35 2 
Nft2 0.21 0.54 0 0.23 0.65 0 0.13 0.45 0 0.32 0.82 0 
first quartile is equal to 0 for all traits at all events, median is 1 for Q3 > 0, and 0 
otherwise 
6.3.2. Heritability offoot lesion scores in ewes 
Estimates of genetic parameters based on the assumption that subsequent foot lesion 
scores are expressions of the same trait are given in Table 6.6 for SBF ewes in the 
two consecutive years (dataset A) and also for mules for up to four scores in two 
years (dataset E). Estimates for the heritabilities of FS and FS24 in a threshold sire 
model were low to moderate (i.e. less than 0.2), and all other traits showed a smaller 
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genetic component. In SBF the permanent (i.e. non-genetic) animal effect was close 
to 0, and the repeatability (i.e. the sum of the heritability and the permanent animal 
effect) ranged from 0.03 to 0.33. In mules, heritabilities ranged from 0.08 to 0.19, 
with the permanent environmental animal effect being slightly lower, resulting in 
repeatabilities ranging from 0.13 to 0.33. 
Table 6.6 Estimates ofpermanent animal effect and heritability (standard error) in 
datasets A (SBF) and E (mules), depending on model (threshold sire or animal) 
Trait 	Model 	 SBF 	 Mules 
Canimal  
FS Threshold 0.04 0.19 (0.07) 0.10 0.12 (0.06) 
Animal 0.00 0.08 (0.02) 0.02 0.11 (0.06) 
FS24 Threshold 0.07 0.26 (0.11) 0.14 0.19 (0.10) 
Animal 0.01 0.05 (0.02) 0.01 0.13 (0.07) 
FSsum Animal 0.03 0.06 (0.02) 0.09 0.11 (0.06) 
FSmax Animal 0.02 0.06 (0.02) 0.10 0.12 (0.06) 
Nfl] Animal 0.00 0.09 (0.03) 0.06 0.08 (0.05) 
Nfl2 Animal 0.00 0.03 (0.02) 0.03 0.12 (0.06) 
Based on datasets B and F, Table 6.7 shows that the heritability for FS was 
reasonably constant over various scoring events, varying from 0.10 to 0.26 in the two 
populations, but for FS24 the range was much larger; 0 to 0.61. For the other traits 
heritabilities were low to moderate, although they did vary across time. 
A trend emerged from close scrutiny of the SBF flocks analysed, showing a 
relationship between flock-level prevalence of lesions and heritability, whether 
estimated using an animal model or a sire threshold model. In 2006, in the two flocks 
with highest prevalence of lesions, average prevalence was 0.30 and in the three 
flocks with lowest prevalence it was 0.10. In these two groups, threshold model 
heritabilities for FS were estimated as 0.36 (0.14) and 0.06 (0.13) respectively, with 
similar differences for sire and animal models, while estimates for FSsum and FSmax 
were similar to each other and to estimates based on all five flocks. 
Table 6.7 Heritabilities (standard errors) for ewe traits measured in SBF in 2005 
and 2006 (dataset B) and successive scores in mules (dataset F). FS and FS24 based• 
on threshold sire model, other traits from animal model 
Trait 	SBF 2005 SBF 2006 Mules Mules Mules Mules 
2005(1) 2005(2) 2006(1) 2006(2) 
FS 	0.26 0.21 0.10 0.26 0.20 0.13 
(0.14) (0.10) (0.09) (0.15) (0.18) (0.20) 
FS24 	0.61 0.25 0.09 0 0 0.59 
(0.23) (0.14) (0.14) (0) (0) (0.39) 
FSsum 	0.19 0.04 0.08 0.16 0 0 
(0.06) (0.03) (0.08) (0.11) (0) (0) 
FSmax 	0.16 0.05 0.07 0.17 0.09 0.08 
(0.06) (0.03) (0.08) (0.11) (0.11) (0.17) 
Nfl1 	0.17 0.08 0.10 0.19 0.04 0.03 
(0.06) (0.03) (0.08) (0.11) (0.09) (0.15) 
Nfl2 	0.14 0.01 0.09 0.16 0.10 0.09 
(0.06) (0.02) (0.08). (0.10) (0.11) (0.16) 
Comparing analyses at the level of the hoof rather than an animal in SBF (dataset C), 
lower estimates of heritabilities were obtained than at the level of the animal. 
However, permanent environmental animal effects were slightly higher (Table 6.8). 
Table 6.8 Estimates of variance components on a per foot basis in SBF ewes (dataset 
C) and depending on model. Standard error of heritabilities in brackets 
Trait 	model cfoot cjma12 h2 
FS 	threshold 0.07 0.24 0.09 (0.04) 
animal 0.02 0.15 0.04 (0.01) 
FS24 	threshold 0.07 0.24 0.08 (0.06) 
animal 0.01 0.11 0.01 (0.01) 
Raw score 	animal 0.01 0.08 0.02 (0.01) 
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63.3. Correlations between successive scores 
Table 6.9 shows that the genetic correlations between the same trait in SBF in the 
two years are far from unity, albeit with large standard errors. The phenotypic 
correlations are close to 0 or negative. 
Table 6.9 Estimates from the animal model of correlations (standard errors) 
between SBF ewe traits measured in 2005 and 2006 (dataset B) 
Trait 	r 	 rg 
FS 0.04 (0.03) 0.30 (0.36) 
FS24 -0.17 (0.03) 0.28 (0.38) 
Fssum 0.07 (0.03) 0.39 (0.46) 
Fsmax 0.06 (0.03) 0.18 (0.43) 
Nfl 0.08 (0.04) 0.46 (0.36) 
Nfi2 0.03 (0.03) 0.55 (l.03) 
Multivariate analyses of FS in mules, using an animal model (Tables 6.10 and 6.11), 
revealed phenotypic correlations close to 0 and a large range of genetic correlations. 
There was no indication for a stronger genetic correlation between adjacent scores or 
that a first (or second) score in a year had a higher genetic correlation with the first 
(or second) score in the other year. Removal of animals affected (and treated) at the 
first scoring from the second scoring in the same year (dataset G) resulted in a large 
increase in the estimates of genetic correlations between 2005(2) and 2006(1), but an 
opposite effect was found for the correlation between 2005(1) and 2006(2). 
6.3.4. Genetic analysis ofpersistency in mules 
Estimates of the heritability for various traits that combine scores from successive 
observations in mules, shown in Table 6.12, were generally higher than heritability 
estimates based on only one score. 
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Table 6.10 Multivariate analysis of FS in mules (dataset F) in an animal model. 
Heritabilities (s.e.) on, phenotypic above and genetic correlations below diagonal. 
Genetic variances were fixed at values from univariate analyses, on which 
heritabilities and their standard errors are based, standard errors for genetic 
correlations could not be estimated 
2005(l) 	2005 (2) 	2006(l) 	2006 (2) 
2005(l) 0.09 (0.08) 0.06 0.13 0.14 
2005 (2) 0.06 0.14 (0.10) 0.18 0.06 
2006(l) 0.06 0.43 0.13 (0.11) 0.22 
2006 (2) 0.87 0.40 -0.10 0.05 (0.15) 
Table 6.11 Multivariate analysis of FS in mules excluding second scores where the 
first score was not 0 (dataset G). Heritabilities (s. e.) on, phenotypic above and 
genetic correlations below diagonal. Genetic variances were fixed at values from 
univariate analyses, on which heritabilities and their standard errors are based, 
standard errors for genetic correlations could not be estimated 
2005(l) 	2005 (2) 	2006(l) 	2006 (2) 
2005(l) 0.09 (0.08) -0.14 0.13 0.10 
2005 (2) -0.00 0.08 (0.08) 0.14 -0.11 
2006 (1) 0.26 0.92 0.13 (0.11) -0.41 
2006 (2) 0.22 -0.02 -0.12 0.01 (0.01) 
6.3.5. Footrot in SBF lambs 
The risk of foot lesion scores of 1 or more increases with higher weight at scanning 
(around 20 weeks of age) and, to a lesser extent with lower age, indicating that faster 
growing animals are most at risk. In a model without the age effect, the relative risk 
of FS and FS24 increased at a rate of 0.12 and 0.08 per kg live weight, respectively 
(P<0.05 in both cases). There was no effect of the size of the litter in which an 
animal was raised. 
All heritability estimates for footrot traits in SBF lambs were 0. Residual correlations 
between lamb and ewe traits were estimated on the 330 animals with observations in 
both classes, and ranged from —0.08 to 0.01. 
Table 6.12 Heritabilities and standard errors (s.e.)for traits describing average 
scores over time in mules 
Trait 	 Heritability 	s.c. 
Fsa 0.13 0.09 
Fsan 0.20 0.12 
FS24a 0.19 0.10 
FS24an 0.12 0.11 
Nfeet 0.18 0.10 
Nfeet24 0.17 0.10 
Nfeetn 0.21 0.13 
Nfeet24n 0.23 0.15 
6.4. Discussion 
In this study the heritability and repeatability of lesion scores in two populations of 
ewes and in lambs were investigated. While for the latter all estimates of heritability 
were 0, some medium heritabilities were found in ewes, especially when footrot or 
severe footrot was defined as a binary character and analysed using a threshold 
model, or when more than one measurement was taken on an animal. Repeatabilities 
were generally little higher than heritabilities, which is in line with low phenotypic 
correlations between successive scores on the same animal. As a result, heritabilities 
for traits increase if information from successive scores is combined. 
Published estimates of the prevalence of footrot in ewes of about 6% (Grogono-
Thomas et al. 1998; Wassink and Green, 2001; Clements et al., 2002) are based on 
farmer surveys, and rely on farmers' opinions or observations of lame sheep, rather 
than clinical examinations of hooves from upturned animals, as reported in this 
study. The prevalence of severe lesions in this study (i.e. scores 2 to 4) ranged from 9 
to 15% in SBF ewes and mules. Although these figures may not be directly 
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comparable, they are of a similar magnitude. Apart from differences in observation 
methods, there are effects of breeds and environments, including the time of year. In 
this study animals were all scored in summer and autumn when warm and damp 
conditions favour spread of footrot more than in other times of the year. The low 
repeatability of scores, even within the same year, highlights the high sensitivity to 
time and frequency of scoring for the identification of susceptible animals. 
Although scorers were trained by the same person, the analysis found significant 
effects of the scorer and scorer by group effects for most traits as well as additional 
interactions of scorer (with litter size and age) for a number of traits. This means that 
any genetic improvement programme that includes foot scoring to predict genetic 
susceptibility to footrot should identify the scorer and attempt to use the same 
personnel across several flocks to avoid confounding with flock. It should be noted 
that the management group effect is confounded with the score date (with a group 
only scored on one or two successive days), so that the scorer by group effect may 
partly be a time effect. The repeatability of scorers has been investigated in a 
separate analysis (Conington et al., 2008) showing high consistency between scorers 
and between subsequent scores by the same scorer on the same day. 
Lesion prevalence did not differ between feet, which is in line with conclusions from 
Parker etal. (1985) who found an apparently insignificant small difference in 
prevalence between front and rear hooves and Raadsma et al. (1992) who found no 
difference in prevalence of footrot among the four feet. 
The estimate of the heritability of lesions scores in SBF lamb was 0, for all traits 
defined. To test whether or not this result was an artefact of the data structure, the 
heritability of weaning weight for the same lamb population was estimated. The 
resulting estimate of 0.35 does not support the suggestion that the footrot results may 
be an artefact the data structure. The zero heritability contrasts with results for 
footrot presented by Skerman et al. (1988) and Raadsma et al. (1994) who found low 
to medium heritabilities in lambs, although the lambs in these two studies were older, 
i.e. 8 to 10 months at the start of trial, than in the current study where they were an 
average of 5 months at time of scoring. If genetic variation in footrot is a function of 
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acquired immune responses to infection, it may be possible that lambs in this study 
were simply too young or had had insufficient exposure to footrot-causing bacteria 
for genetic differences between animals to be apparent. 
Within the current study there was a trend for heritabilities for the binary trait FS to 
increase with increasing prevalence. Such an effect can be expected in a linear 
analysis, where variances depend on the mean, but it also existed in the threshold 
models. However, a simple biological reason may be hypothesised: certain genes that 
affect resistance to footrot, and hence the development of lesions, are possibly not 
expressed at low infection pressures, hence at a low prevalence. This, if correct, 
would also explain the difference in estimated heritabilities in lambs between the 
current study and that by Skerman et al. (1988) and Raadsma et al. (1994), in which 
animals were deliberately infected and the resulting prevalences were as high as 57% 
(Skerman etal., 1988) and over 50% and 80% respectively in two trials pre-
vaccination (calculated from data used in Raadsma et al. 1994). 
Even in ewes where heritable variation in lesion scores was seen, low phenotypic and 
genetic correlations between subsequent scores were observed in this study, and 
similarly low correlations were also found by Raadsma etal. (1994). This may be 
the result of various factors including the strain of D. nodosus involved, the 
prevailing weather, prevalence of footrot and build up of acquired resistance in 
animals following successive challenges or as they age. Given this range of possible 
influences, it is encouraging that genetic correlations were positive, although it 
would be useful to have a better insight in the reasons for the low genetic 
correlations. 
In this study we considered populations of ewes from two different genetic 
backgrounds. Although differences in heritability estimates for lesion scores were 
found across the breeds, these estimates do not differ greatly from each other or from 
previously published values for resistance to footrot. In SBF the heritability for foot 
lesions was estimated to be 0.19 and in mules 0. 12, this is comparable to 0.16 and 
0.31 estimated by Raadsma etal. (1994) in Merino lambs and 0.28 for Romney 
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(Skerman et al., 1988, trait defined, as footrot or scald), especially when taking into 
account the effect of prevalence. The respective figures for severe lesions are SBF 
0.26, mules 0. 19, Merino (1), 0.2 1, Merino (2) 0.16 and Romney 0.17 (footrot only). 
The heritabilities for the number of feet affected or severely affected in SBF (0.09, 
0.03) and mules (0.08, 0.12) are close to estimates by Raadsma etal. (0.09 to 0.14). 
From a practical perspective, this study shows that because certain footrot scores are 
estimated to have a medium heritability, it is possible to increase resistance to footrot 
in ewes through selective breeding. However, since the heritability of footrot in 
lambs is estimated to be 0, selection in lambs is not expected to lead to any progress, 
nor will selection in ewes lead to any direct genetic effect in lambs (but there may be 
an effect of more resistant ewes lowering, the pathogen challenge faced by lambs). 
Because of the classification of lesion scores in a limited number of classes and 
because at any one time most animals were healthy, traits scored on an animal-basis 
tended to be right-skewed. The number of feet affected (score>0) turned out to be 
normally distributed, but the number severely affected (score>1) had strong positive 
skewness and kurtosis, which would affect estimates for genetic parameters, 
although heritabilities for the two 'number of feet affected' traits were very similar. 
The threshold model was used for the binary traits to avoid this problem. FSsum and 
FSmax were log transformed to obtain theoretically more correct estimates for 
genetic parameters, but these turned out to be very similar to those estimated on the 
untransformed traits (which were presented for easier interpretation). Moreover, the 
results indicate that the foot scoring of sheep does not need to be comprehensive, 
with a simple binary trait indicating lesions (or not) or severe lesions (or not), 
depending on the breeding goal and prevalence, being at least as effective as scoring 
individual feet on a 0 to 4 scale. Importantly, because of the' medium to low 
heritability and repeatability of the footrot score, the use of repeated observations on 
the same animal is recommended. It is a legal requirement (and wise management) to 
treat animals affected by footrot, or showing any signs of lameness, promptly. This 
will, however, affect the ability to score footrot on an equal basis for all animals, as 
recently treated animals will be protected by antibiotics and hoof treatments. Care 
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should therefore be taken that animals have a similar history of footrot within the 
season, and scoring may therefore best be undertaken at the earliest period of high 
prevalence within a season. Animals treated for footrot within a few weeks prior to 
scoring could be assigned a score reflecting their footrot status at treatment, rather 
than on the scoring day. Further, the between-flock comparisons in this study suggest 
that the heritability of resistance to footrot depends on the prevalence, with 
heritabilities being higher at higher prevalence. This means that selection will be 
more effective in those flocks with higher levels of footrot. 
In practice, with differences in heritabilities depending on prevalence and time, as 
well as low repeatability, selection for resistance to footrot across flocks and within a 
commercial setting (i.e. with limited recording) may be complex. Therefore, the 
development of effective genetic markers for resistance to footrot would be very 
useful to the industry to complement conventional breeding. 
Chapter 7. A genetic epidemiological model to describe 
resistance to an endemic bacterial disease in livestock:. 
application to footrot in sheep 
7.1. Introduction 
Preventive measures and lost production due to endemic disease form an important 
part of the costs of production in many livestock production systems (Bennett and 
IJpelaar, 2003) while they also affect animal welfare and marketability of breeding 
stock. It is well known that resistance to many diseases has a genetic component 
(Archibald and Bishop, 2006) and selection for disease resistance has long been 
considered a promising way to reduce disease prevalence (e.g. Axford et al., 2000). 
Selection for resistance to an infectious disease has the added benefit that it may 
reduce the pathogen burden, especially when the population under selection is the 
main reservoir of pathogens. This will lead to an additional reduction in prevalence, 
in addition to the direct genetic effect, as a result of reduced contamination from 
infectious animals, e.g. Bishop and Stear (2003). 
The phenotype used in selection for disease resistance is often a score, which 
includes a class of healthy animals, and one or more classes of affected animals. In 
the case of endemic diseases thevast majority of animals at any one time may be 
classed as healthy, and this limits the opportunity for intense selection. In a threshold 
model, prevalences that are much lower than 50% also lead to low heritabilities on 
the observed scale. A successful selection programme can therefore be expected to 
decrease the subsequent response to selection through increased resistance and 
decreased pathogen burden. 	. 	 . 
Anderson and May (1991) describe the spread of a microparasitic (viral or bacterial) 
infection through a population of animals using a so-called SIR model, based on the 
rates at which susceptible (5) animals are infected (1) and then recover or are 
removed (R). A key parameter is R0 which is the number of secondary infections 
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caused by an infected animal. One or more of these rates can be under genetic 
control, and affect R0. This model can be extended in various ways; for instance 
Bishop and MacKenzie (2003) described how a disease that is spread from animal to 
animal may or may not lead to an epidemic, and Nath et al. (2004) explored the 
consequences of selection to alter different model parameters. To make these models 
more applicable to typical livestock bacterial infections, Bishop et al. (2006) 
considered a disease in which the pathogen survives for some time, resulting in a 
source; of infection present in the environment (E) from where it can infect 
susceptible animals. This was termed a SEIR model. 
In the above models, the assumption is that recovered animals are no longer 
susceptible to the disease, and in a closed population without re-infection these 
models will therefore always lead to zero prevalence, either because there are no 
susceptible animals left or because the disease has died out. This outcome is 
inappropriate for typical endemic diseases, which often have a more or less stable 
prevalence over time. This stable prevalence, the endemic equilibrium, may be due to 
recovered animals losing their resistance and become susceptible again, or it may 
simply be a consequence of a continued introduction of new susceptible animals, e.g. 
offspring. 
Building on the SEIR model (Bishop et al., 2006), we introduce two new aspects to 
the model: (i) a period of latency (L) in which animals are infected but not yet 
infectious and (ii) loss of immunity so that recovered (R) animals can revert back to 
Susceptible. This creates a SELIRS model. Further, we consider the SELDIRS model 
in which animals can be diseased and infectious (D) or infectious but no longer 
clinically diseased (1). This model can be used to distinguish direct effects related to 
the number of diseased animals from indirect effects related to pathogen burden, by 
manipulating relative rates associated with D and I. 
Footrot is an infectious disease of sheep caused by bacteria (Dichelobacter nodosus) 
that survive in soil for a limited time. The prevalence in adult sheep in Britain is 
around 6% (Chapter 2). Resistance to footrot has been shown to be heritable 
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(Skerman et al., 1988; Raadsma et al., 1994; Chapter 6), and selection for increased 
resistance is feasible. 
The aim of this study is to develop a SELIRS epidemic model, in which pathogens 
survive in the environment for a limited time. The model will be applied to footrot in 
sheep and used to predict the changes in prevalence of footrot over time if selection 
is for resistance to the disease, accounting for the disease dynamics. The predicted 
progress in terms of reduction in prevalence will be compared with a model that 
ignores epidemiological effects. 
7.2. Methods 
7.2.1. Definition of epidemic models 
Infectious and diseased animals are equivalent. Consider a population of N 
individuals, which, at timej, consists of S susceptible, L latently infected, I infected 
and R recovered animals. It is assumed that it is only category I animals that show 
clinical signs of disease and are infectious. Environmental contamination is 
quantified by the concept of an infectious dose; therefore at timej there are E 
infectious doses of the, pathogen in the environment. Following Bishop et al., (2006), 
and approximating the discrete process (e.g. daily steps) by a continuous one, the 
SELIRS model is defined by the following five differential equations: 
dS1diES+2R 	 : 	' 	 (1) 
dE/dl=çol-pE-coNE 	 . 	 (2) 
dL/dtES-vL 	 (3) 
dI/di=vL-yI 	 (4) 
dRIdiyI-2R 	 . 	(5) 
with the rate at which susceptible animals become infected (latent) per infectious 
dose, 2 the rate of loss of immunity, v the rate at which latent animals show clinical 
signs and become infectious, qi the number of infectious doses shed per infected 
animal per day, u the rate at which infectious doses die, w the rate at which, an animal 
physically removes infectious doses (e.g. by ingestion, adherence to the animal or 
squashing them) and y the rate at which infected animals become immune. All rates 
are non-negative. An overview of symbols and their definitions is given in Table 7.1. 
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Two properties of this model are of importance, the notional reproductive rate (R') 
and the equilibrium prevalence. In standard epidemiological models the basic 
reproductive ratio, R 0, is the number of infections caused by a single infected animal 
in a wholly susceptible population, during the course of its infectious period. The 
equivalent in the SELIRS model is the number of secondary infections due to a 
single infectious animal, for the time period over which the infectious material 
remains in the environment. Bishop et al. (2006) derived an expression for the 
notional reproductive rate in a SEIR model as: 
(6) 
XI 
where p+coN. Note that R'is defined for one infectious animal introduced to a 
fully susceptible population, so that S=N. The same expression may be used as an 
approximation to R' in an SELIRS model (Appendix 7. 1), however it is not exact as 
the loss of immunity potentially increases the number of secondary infections in 
situations where the environmental contamination is long-lived and the period of 
immunity is short. 
An equilibrium state will be reached when the number of animals in each state is the 
same from one day to the next, i.e. dS1dtdL1didJ/dt=dR1dt=0. It can be shown 
(Appendix 7.2) that the corresponding equilibrium number of infected animals (1*) 
is: 
0X+.24' +07 
Combined with (6), it follows that the equilibrium prevalence (p *), i.e. 1*/N,  is 
1 
oA + Ay +07 
Hence, after rearrangement, R' may be defined as a function of the equilibrium 
prevalence as follows: 
R 	 - 




Note that in equation (7) qi and ç occur as the product & indicating that the rate of 
infection depends jointly on the number of infective units spread by infected animals 
and the number of units required for an animal to become infected. This means that 
there is no need for an exact definition of the infective dose. 
Infectious and Diseased animals are distinguishable. In many instances animals may 
be infectious, even when no clinical signs of disease are apparent, a phenomenon in 
some circumstances referred to as 'carrier status'.. Defining clinical disease and 
infectious status as two separate but overlapping categories also allows greater 
flexibility in the exploration of the disease dynamics. This is achieved in the 
SELDIRS model, in which animals can be diseased and infectious (D) or infectious 
without showing clinical signs (1), with NS+L+D+I+R. Equations (1) and (3) 
describing change in S and L remain the same, with the remaining equations being: 
dE1dl=ço(D+1)- XE 	 (9) 
dD/dtvL-yD 	 (10) 
dI/dtyD-aI 	 (11) 
dR/dtal-AR 	 (12) 
The total time an animal is infectious is 1 /y+  1/a, rather than simply iiy as in the 
SELIRS model. Therefore, for purposes of model investigation, the pathogen burden 
in the population can be made independent of changes in y if any reductions in the 
number of diseased animals (D) are compensated by an increase in the number of 
recovered but infectious animals (1), i.e. the total time that an animal is infectious 
(1/y+1/a) is kept constant. The summary parameters in the SELDIRS model (see 
Appendix 7.3) are: 
(13) 
X 
R' 	 (14) 
v2 +2Ly +oy  +A.vy/a 





Table 7.1 Summary and definition of symbols used in epidemiological models. 
Symbol Definition 
S 	The number of susceptible animals 
E The number of infectious doses in the environment 
L 	The number of latently infected animals 
I The number of infectious animals 
D 	The number of animals diseased and infectious 
N 	The total number of host animals in the population 
R The number of recovered animals 
V 	 The rate at which latently infected animals develop clinical signs 
p 	The rate at which infectious doses (bacteria) die in the environment, 
other than by host animals 
CO 	 The rate at which infectious doses (bacteria) are physically removed by 
each host animal in the population 
x 	The total rate at which infectious doses (bacteria) are removed from the 
environment, calculated as p+wN 
Y 	The rate at which diseased and infectious animals stop showing clinical 
signs 
The rate at which recovered animals lose resistance and become 
susceptible 
The rate at which susceptible animals become infected by 1 unit of 
infectious dose in the environment 
The rate at which an infectious animal sheds infectious doses in the 
environment 
P 	The prevalence of the disease as observed from clinical signs 
a 	The rate at which infectious animals that no longer show clinical signs 
of the disease stop being infectious 
R' 	The notional reproductive rate of the infectious disease 
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There are two differences between (14) and (8), the prevalence in the SELIRS model. 
First, if the assumption is invoked that the total infectious period is kept constant, 
then with decreasing iiy R' is constantin SELDIRS, but will decrease with 
decreasing iiy in SELIRS. Therefore, all other things being equal, the equilibrium 
prevalence in the SELIRS model will reduce if selection is for lower 1 ly. There is an 
opposing effect of Avyla in (14) which is non-negative for all values, leading to a 
lower prevalence in the SELDIRS model, at the same values for the other 
parameters. The balance of these effects depends on values for other parameters. The 
prevalence in (8) will be relatively insensitive to change in R' if it has a high value 
(i.e. not close to 1). 
7.2.2. Predicting responses to selection 
Improvement of resistance to disease by genetic selection in its simplest form, i.e. 
disregarding information from relatives, consists of selection of the healthy animals 
at one point of time. The expected response to selection on such a binary trait 
depends on the heritability of resistance and the prevalence. This can be calculated 
assuming a threshold model with an underlying normally distributed liability with 
heritability hL2 , which depends on the heritability of the binary trait (ho 1 2) as: hL2 = 
p(l —p)1 2h0 i2 , where p is the prevalence of the binary trait and z is the ordinate of 
the standardised normal distribution corresponding top (Robertson and Lerner, 
1949). 
For the case where the number of healthy animals available for breeding exceeds the 
number required for selection, and again disregarding information from relatives, the 
response to selection is calculated as if the selected proportion is equal to l-p, and on 
the underlying scale the response is RL=ihL2 with i the selection intensity 
corresponding to i-p. Because of reductions in prevalence, the response to selection 
is not linear but decreases with increasing values of i-p. 
In the context of the disease dynamics, selection for 'healthy' animals may be 
thought of as selection on one or more of the following: 
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The recovery rate y (i.e. infected animals recover quicker, e.g. due to an acquired 
immune response) 
The susceptibility of animals (i.e. susceptible animals are more resistant to 
infection per Se, requiring exposure to a greater number of infectious doses 
before becoming infected) 
The rate of shedding of bacteria ço (i.e. infectious animals spread fewer bacteria) - 
this is comparable to selection for reduced egg counts with nematode infections 
The rate at which immunity is lost ) (i.e. longer lasting immunity) 
The rate at which latently infected animals become infectious v (i.e. longer 
latency, as seen in scrapie). 
Note that and ç occur only as products in R' and p, therefore their effects can be 
considered jointly in this model. 
In the simplest analogy to the threshold model, one can think of the model 
parameters, particularly y (i.e. recovery rate) or (susceptibility) as being analogous 
to the liability, with heritable between-animal variation. This being the case, we can 
then assume that the liability and one or more of these parameters have the same 
distribution and heritability, and responses to selection can be calibrated between the 
threshold and SELIRS models. Note that because of (6) selection on ç (or ) is 
equivalent to selection on R', given a constant y. 
The response to selection for a binary disease trait can now be estimated in two 
ways; based on the threshold model and on the SELDIRS model. The threshold 
model is fully described by the prevalence and heritability of resistance, but the 
SELDIRS model -requires a great number of parameters. While estimates for most are 
available, prediction of the response to selection also requires knowledge of variation 
in the parameter under selection. One way to approach this is to require the threshold 
model and the SELDIRS model to give the same prediction for the response to one 
round of selection, denoted At and As respectively, under assumptions that should 
result in equivalence between the two models. 
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The predicted response to selection on the observed scale assuming a threshold 
model is: zU= !i(t±ihL2)- 1(r), with (r) the cumulative standardised normal 
distribution evaluated at the initial prevalence, hL2  the heritability on the underlying 
scale and i the selection intensity corresponding with truncation selection of all 
healthy animals (Cameron, 1997). 
We have seen in (15) that the prevalence according to the SELDIRS model (with l/y 
+1/a constant) is proportional to l/y. In the threshold model response to selection on 
the observed scale is equal to the change in prevalence p*ip*o,  with  p*i  the 
prevalence predicted in the threshold model after one round of selection. For the 
epidemiological model to predict the same response to selection ih2 a =p1*po*, so 
that cr= (pl*..pØ*)1ih2 	 (16) 
with o the phenotypic standard deviation of the trait under selection. 
The same standard deviation can now be used in the SELIRS models. Appendix 7.4 
shows that the predicted response to selection for this-model is independent of 2 and 
v given R', po   and h2 . 
If selection is on l/R', or one of its animal-components other than y, i.e. or q, and 
assuming that hR ' is normally distributed, the phenotypic standard deviation ax that 
leads to the same response to one round of selection in the SELIRS model as the 
threshold model (pp*)  can be calculated (Appendix 7.5) as 
= (LA +2L7 +vy )(p* 1  _p*0) 	 (17) 
A.vih 
7.2.3. Application tofootrot 
To apply the SELIRS model to footrot and predict likely effects of selection, 
parameters were chosen based on literature estimates of the length of time (in days) 
that each phase lasts, as shown in Table 7.2 Note that the required rates are the 
inverse of the length of time. 
To investigate the consequences of a range of values for y and R', the p*,  2 and v 
were set at 0.08, 0.0333 and 0.1667 respectively, and y varied from 0.025, 0.1, 0.2 
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and 0.3 so that corresponding values for R' were 1.18, 1.58, 2.91 and 18.08. Extreme 
values were investigated with R 20, y0.025 and po 0.5. 
Table 7.2 Published estimates of length of time (in days) of phases of the SELIRS 
model for footrot infection. 
Phase (parameter) 	 Length Source 
Trait definition 	 (days) 
Latency (v) 
Positive for D. nodosus 
Positive for D. nodosus 
Signs of early footrot 
Typical signs of early footrot 
Footrot observed in 13 out of 16 sheep 
Footrot 
Bacterial survival (X=p+WN) 
Bacterial survival 




Required resting period of pasture to 
avoid infection 
Duration of infection (y) 
4 	Egerton et al., 1969 
5, 6 	Roberts and Egerton, 1969 
8,9 	Egerton et al., 1969 
7 	Roberts and Egerton, 1969 
<10 	Egerton and Roberts, 1971 
10-14 	Egerton, 2000 
14 	Beveridge, 1941 
7 days Beveridge, 1941 
<a few Laing and Egerton, 1981 
days 
West et al., 2002 
7 	Egerton, 2000 
Mean (may include re-infection) 	190-208 Abbott and Egerton, 2003 
Mean (may include re-infection) 	21-77 	Egerton etal., 1983 
With prompt treatment 	 1 
Duration of immunity after recovery ()) 
Since start of treatment (and cured after 	26-31 	Egerton et al., 1969 
0-21 days) 
Re-infection 	 <63 	Raadsma et al., 1994 
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To investigate the predicted response to selection in the various models and 
depending on the main parameters, the equilibrium prevalence of footrot was 
calculated over 20 rounds of selection on 1 /y and 1 IR' in the SELDIRS and SELIRS 
models, using discrete generations and a heritability of 0.3, and assuming a normal 
distribution for l/y and hR ' with constant underlying variances and ignoring the 
Bulmer effect. With the initial prevalence set at 8%, the response to one round of 
selection using a threshold model was calculated to estimate cY according to (16) and 
(17). Then (14) and (8) were used to estimate R' given the other parameters. Changes 
in the parameter under selection (l/y or 1/R) that would result from selection of a 
random sample of healthy animals were calculated for each generation and the new 
value inserted in (14) or (8) as appropriate to obtain the equilibrium prevalence in the 
next generation. 
7.3. Results 
7.3.1. Predicted progress in the threshold, SELDIRS and SELIRS models 
Predicted responses to selection according to the SELDIRS model with selection on 
l/y (the time an animal is diseased and infectious) and the SELIRS model with 
selection on 1IR' are identical for values of y=0.2 and R=2.91 (Figure 7.1). Both 
responses are larger than the threshold model prediction after the first round (when 
they were fixed at the same value). This is the result of differences in the relationship 
between the trait under selection and prevalence which is close to linear for SELIRS 
and SELDIRS but not for the threshold model. As expected, the SELIRS model 
predicts a significant additional response from selection on l/y compared to the 
SELDIRS model, in which the total infection period is held constant. All graphs have 
a similar shape, showing diminishing returns at lower prevalences. 
7.3.2. Sensitivity of the predicted response to selection to y and R' 
A value of R' of just greater than 1 leads to predicted prevalence of footrot quickly 
going to 0 (Figure 7.2). The reason is that R 'drops below 1, so that the infection is 
not expected to be maintained in the population. In contrast, very high values of R' 
(such as 18) do not lead to a noticeable additional predicted response. With lower 
values for R' for footrot of about 1. 5, an extra response of about 2 percentage points 
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Figure 7.1 Predicted response to selection for resistance tofootrot depending on 
model and whether the notional reproductive rate R' or the recovery rate y is the 
trait under selection. R'=2.91, y =O.2, )=O.0333, v=0.1667, p'=O.O8 and h2 =O.3. 
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Figure 7.2 Predicted response to selection for resistance tofootrot depending on the 
model used and the notional reproductive rate R' and the initial recovery rate y. 
Selection is on y, with 2=0.0333, v=0.1667, p=O.O8 and h2 =0.3. 
For more extreme cases, with R' and p' large and y small, a very different picture 










larger y in early generations than SELDIRS or selection on R' (Figure 7.3). This is 
because the variation in l/y is relatively small and changes have little effect on R'. 
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Figure 7.3 Predicted response to selection for resistance tofootrot depending on the 
model and with selection on the recovery rate y, initial values for the notional 
reproductive rate R'=20 and y=O.O.2.5 and 2=O.05, v0.0625, pO.5 and h2 O.3. 
7.3.3. Sensitivity to v and 2 
Additional calculations (results not shown) confirmed that the predicted response to 
selection on y or R ' does not depend on values of the rate at which latently affected 
animals become infectious (v) or the rate at which recovered animals lose immunity 
(2), given y, R' and p*. 
7.4. Discussion 
A model was developed to predict the response to selection for resistance to an 
endemic bacterial disease, and this model was then applied to footrot in sheep. While 
the exact description of the epidemiological process requires a great number of 
parameters, many of which are poorly known, the prediction of relative responses to 
selection depends on only a few parameters. By using the threshold model to predict 
the response to one round of selection, and setting this as the standard, the only 
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epidemiological parameters required are the rate at which animals recover (y) and 
the reproductive rate (R'), alongside the heritability of resistance to the disease. 
It was shown that if the notional reproductive rate R' is under selection, changes in 
the prevalence are proportional to changes in 1/R'. If selection is for larger  (i.e. 
quicker recovery) the SELIRS model predicts a response that consists of the direct 
effect of animals recovering more quickly, plus an additional component arising 
from the resulting lower pathogen burden. 
It seems counterintuitive that there is no such additional 'epidemiological' 
component from selection on R', especially since selection on R ' may in fact be on 
the susceptibility to infection as denoted by , and which is a component of R'. The 
expectation might be that if fewer animals get infected, there should also be a 
reduction in pathogens. Formula (7) shows that the prevalence only depends on 
through R'. An explanation is that a decrease in only means that it takes longer for 
animals to get infected when facing the same challenge (1/i days), but eventually 
they still become infected and shed the same number of bacteria. The advantage of a 
smaller ç, i.e. larger 1/ is that it takes animals longer to complete the full SELIRS 
cycle, thereby reducing the number of animals that are diseased at any point in time. 
In Raadsma et al. (1994) and in Chapter 6, the heritability for resistance to footrot 
was estimated based on the genetic variation within a population, rather than the 
response to selection. Therefore, these estimates are independent of possible effects 
of reduced pathogen burden in selected populations. This situation is comparable to 
the approach in the SELDIRS model if selection is on 1 / y. If selection is on an 
element of R' other than y, i.e. the rate at which animals become infected , the 
longer cycle time for more resistant animals is fully expressed in unselected 
populations. 
Little information is available on the value of the recovery rate y , and one reason is 
that prompt treatment of affected animals means it is not fully expressed (1/y is 
censored). The prevalence without treatment could then be considerably higher and 
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R' larger. This scenario was investigated with an initial prevalence of 50%, and it 
was found that in early generations the expected additional effects are in fact 
negative, but the effect becomes positive later on. The reason for this negative effect, 
best understood by comparing (8) and (14) is that with increasing recovery rate in the 
SLEDIRS model animals spend increasing times in the Iphase, i.e. they are no 
longer considered diseased but continue to spread bacteria. This slows down the 
whole cycle, with there being fewer susceptible animals compared to the SELIRS 
model, where recovered animals move directly to the phase of immunity. For our 
application to footrot this effect may be considered an artefact of the model, 
occurring only under extreme assumptions, rather than of biological importance, but 
it may be relevant for other diseases. Previously, MacKenzie and Bishop (1999) 
showed that in the SIR model applied to viral diseases, if R0 is high then it may take 
many generations of selection before the expected number of animals infected during 
an epidemic is expected to decrease. This, also, is a scenario in which the epidemic 
model predicts a slower response to selection than the quantitative genetic model. 
Knowledge of the traits that show genetic variation is clearly important. While the 
current results would suggest that this can be done by comparing the variation within 
a population with the response to selection, in practice this will be very difficult 
because it would require an unselected control or population with the same 
environmental conditions, but not affected by decreased shedding of bacteria by the 
selected animals. An alternative would be to estimate parameters directly from the 
length of time various stages last in selected and unselected populations following 
(deliberate) infection, comparable to the figures in Table 7.2. 
In the absence of any estimates for the genetic variance of resistance to footrot, this 
study used the threshold model to standardise response to selection. Following the 
concept of an underlying normally distributed trait in the threshold model, normal 
distribution were assumed for 1/R' and 1/y. The inverse of the recovery rate 1/y is a 
length of time, and it seems plausible that it has a positive skewness, with no 
negative values, and some animals taking extremely long to recover. A positive 
skewness looks likely for R' as well, especially for scenarios where mean R' is in the 
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critical range just above 1., with some animals potentially being extremely infectious. 
Positively skewed distributions for the inverse 1/y and 1IR' would for instance occur 
if y and R ' were normally distributed. Under these scenarios, relative responses to 
selection can be recalculated with appropriately altered selection intensities. 
However, it should be remembered that a normally distributed liability in the 
threshold model is also an assumption that can be challenged. 
It was shown that, under the prevailing assumptions, the reduction in prevalence at a 
given R' does not depend on the rate of loss of immunity 2 and the rate of conversion 
of latently infected animals to infectious v. This does not mean that these parameters 
are not important for the potential genetic progress; it means that once we know the 
response to one round of selection it is possible to predict further response without 
knowing the values of A and v. 
In the current study a constant environment and a homogeneous population have 
been assumed. In practice environmental conditions will vary and this may affect 
survival of bacteria in the environment or the animals' phenotypes, while there may 
also be different classes of animals, e.g. adults and offspring with different 
phenotypes with regard to the disease. All these variations can be investigated based 
on the SELIRS equations, but may require running of a dynamic algorithm that 
calculates daily prevalence, rather than relying on equilibria. In rapidly changing 
environments the time to reach an equilibrium will become an important factor, with 
potentially no equilibrium being attained by the time prevalence is measured or 
selection decisions are made. In a stable environment, changes in parameters as a 
result of selection will lead to only small changes in the expected equilibria so that a 
new equilibrium can quickly be established. 
Selection in this study was based on own performance and one observation per 
animal with disease resistance as the only breeding goal. In practice, information 
from relatives and repeated measurements will increase the response to selection. 
Assuming that resistance to footrot is not genetically correlated to any other traits 
under selection, selection on an index of traits will decrease the expected response to 
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selection for resistance. On the other hand, disease information on relatives will 
greatly improve the potential selection response rates for improved resistance. While 
all these considerations affect the magnitude of the response to selection, essentially 
by changing the 'h2 ' term in the response equations, they do not alter the 
epidemiological effect of selection on lly relative to the direct genetic effects as 
predicted by the SELDIRS model. Therefore, simple extrapolation is appropriate. 
The models developed in this study are used to consider an endemic bacterial disease 
with bacteria being transmitted through the environment, where they can only 
survive for a limited period of time. The models can be applied to a variety of 
diseases and host species, where these conditions apply. The general trend of results 
is in fact similar to that seen for a different disease, ruminant gastro-intestinal 
parasitism, as shown by Bishop and Stear (1999). One difference is that these authors 
had better estimates of some traits, especially the rate at which animals spread 
infection, as this is captured in the faecal egg count trait. 
In summary, this chapter has presented a novel epidemic model, and applied it to 
footrot in an attempt to explore likely responses to selection. A key parameter for the 
model, and also from a biological perspective, is the recovery rate. Given the long 
time that it takes animals to recover from the disease without human intervention, 
low values for the rate of recovery (y) seem likely. If this is indeed the trait under 
selection when selecting for increased resistance, then the response to selection in 
terms of observed prevalence, including effects of reduced pathogen burden, could in 
the medium term be double that predicted by purely genetic models. 
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APPENDIX 7.1 Derivation of R' for the SELIRS model 
The definition of R' is based on the introduction of 1 animal to a fully susceptible 
population, so that S=N. In the SEIR model 1 infected animal sheds q' infectious 
doses over i/y  days, these doses survive for 11X days infecting N daily so that R ' 
çoçN/y. A more formal derivation is given in Bishop et al. (2006). 
The extra L step in the SELIRS model does not affect this, as all latently infected 
animals will (sooner or later depending on v) become diseased. For most parameter 
values, the loss of immunity (R animals reverting to 3) does not affect the number of 
secondary infections, but extreme parameter values (long-lived environmental 
contamination combined with a short period of immunity) may lead to more 
secondary infections. 
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APPENDIX 7.2 Derivation of numbers of animals in various categories at the 
equilibrium in the SELIRS model 
At the equilibrium (denoted by *) all derivatives, dJ/dt etc are equal to 0, so that from 
(4) it follows that: 
yI vL*=v(NS*I*R*) 	 (7.2.1) 
From (5) R*= yJ*/'2, and combining (3) and (4) gives S yI*/E*,  while from (2) 
E*=coJ*/x, so that S*=  y/&. Substituting into (7.2. 1) then gives: 
yJ= V (N yx/ ço I* yI*/2) 
Rearranging and solving for J*  yields: 
yJ*+vJ*+yI*/ 2=v(N-yx/(p) or 
y)j*+v)J*+yvl* =v)(N-y/ço) so that 
1*..-. 
)LL) +Ay +vy 
	 (7) 
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APPENDIX 7.3. Summary parameters in the SELDIRS model 
Following Appendix 7. 1, R' for the SELDIRS model can be calculated from the 
product of number of infectious doses produced at rate ço by 1 infectious animal over 
the duration of the infection (1 /y+l Ia), the time these infections survive in the 
environment (1 I) and the number of animals that will be infected at a rate of ç N, so 
that: 
R'= qN(1/y +1/a) 
X 
As with the SELIRS model in Appendix 7.2, the equilibrium prevalence p * can be 
calculated by setting all derivatives to 0. Combining (3) and (10) then gives 





+ r  
From (10), (11) and (12), L*= yD*/v, I yD/a and R yD*/i  Substituting these 






y D* = 	 a 
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APPENDIX 7.4 Derivation of the predicted response to selection on y and 
demonstration that the rate of response in p depends linearly on 1 and v, given 
R' and P* in the SELDIRS and SELIRS models. 
SELDIRS model, i.e. R' is constant 
1--- 
From (8) p* = 	R' 
1+ 7(1 +--) 
tv 
l+y(!+!) 




Now consider the derivative d(1/p *)/dy.  Solving this equation we obtain: 
11 





dp * / dy = -__________ 
R' 
Thus, in the SLEDIRS model the predicted response inp to changes in y  is a linear 
function of(1/A + 1/v), and it also depends on R' and p* but under the model 
assumptions it is independent of y. 
SELIRS model, i.e. R' depends on y 
Define a new parameter Q' so that Q'= 
	
and Q' is independent of y. Since 
x 
Q '=R 'y we have: 
11 
	 (7.4.1) 






Solving the derivative d(1/p *)/dy  we obtain: 
11 	1 	1 
=-+- —(1—)dp/dy-- 
Rearranging terms yields: 
(1— )dp / dy = 
— _(I + I)p*2 , so that 
V 
P 	1 ()p * 2 
dp*/dy= 	— A V 	 or 
i- 	l_y_ 
*  
dp*/dy = _p  
Q'—I - 	Q'— 'Y 
There are two important differences from the derivative for p* in the SELDIRS 
model. Firstly, there is the extra element — * , which is more important at low 
Q -1 
values of Q' (i.e. low values of yR'). Also, the second part of the equation includes y, 
so that higher values of y lead to higher rates of change. 
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APPENDIX 7.5 Calculation of the phenotypic standard deviation for 11R' 
The predicted genetic response to one round of selection is: 
= hR ' 1 -1/R 'o. 
The difference in prevalence can also be calculated asp 1 -po, using (8): 
1 
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Chapter 8. General discussion 
8.1 Summary of results 
The aim of this thesis was to identify opportunities for selection for increased 
resistance to infectious diseases in sheep and to explore the benefits and 
consequences of such selection for the British sheep industry. 
Special emphasis was put on the calculation of costs and potential benefits and on 
those aspects of disease resistance that make it different from standard production 
traits, including the effect of prevalence of the disease and exposure to pathogens, 
epidemiological effects and the binary character of many disease traits. 
Costs of sheep diseases 
Chapter 2 showed that the most important sheep diseases, in terms of annual costs to 
the British sheep industry, are gastro-intestinal parasites, footrot, Chlamydial 
abortions (enzootic abortions of ewes) and Toxoplasmosis, with estimated annual 
costs of 84M, £24M, £20M and £12M respectively. Because in a breeding 
programme only small incremental improvements can be expected, the distinction 
was made between fixed costs such as preventive measures, which will be taken until 
a considerable reduction in disease incidence has been achieved, and variable costs, 
which are proportional to the prevalence such as treatment of affected animals and 
lost production. Variable costs associated with gastro-intestinal parasites, footrot, 
Chlamydial abortions and Toxoplasmosis were estimated at £84M, £12M, L1M and 
£9M respectively. These are similar to total costs, except for Chlamydial abortions 
where most costs are fixed (vaccination). For footrot, costs of preventive measures 
such as footbathing are of similar size to variable costs including lost growth, smaller 
litters and treatment costs. Based on these results, and the fact that a commercial 
service for selection against gastro-intestinal parasites already exists in Britain and 
elsewhere, the remainder of the thesis focused on footrot in sheep, though many 
results are applicable to other diseases and host species. 
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Predicting the response to selection on a binary trait 
Footrot is generally scored on a 5 point scale (Egerton and Roberts, 1971), but with a 
typical prevalence under commercial conditions of less than 10%, the vast majority 
of scores would be 0 (healthy) and the small number of diseased animals subdivided 
among the remaining classes. In practice, this is similar to a binary trait considering 
healthy and affected animals. The response to selection on a binary trait based on 
own performance only can be predicted with a threshold model, assuming an 
underlying normally distributed trait and selection of a random sample of healthy 
animals if that is sufficient. If more animals are required, all healthy animals are 
selected supplemented with a random sample of diseased animals (Falconer and 
Mackay, 1996). Unless the required fraction of animals is close to the proportion of 
healthy animals, this system is inefficient, although inefficiencies decrease with 
incorporation of information from relatives. For example, Foulley (1992) considered 
the case where animals were selected on the disease status of their offspring. This 
proved much more accurate than mass selection, especially because his application 
considered dairy bulls, which are routinely progeny tested. 
In the British sheep industry, progeny testing is less common, and animals are 
typically selected based on own performance and information on close relatives. An 
approach combining own performance with half sib observations for a binary trait 
(e.g. footrot) is therefore developed in Chapter 3. The approach uses the principle of 
two-stage selection, with selection of healthy animals on their own performance in 
the first stage. Depending on prevalence and required numbers, half sib performance 
is then used to select either additional animals among the diseased, or to select within 
the healthy animals selected in the first phase. Theoretical expectations generally 
agreed well with stochastic simulations using a selection index, except when the 
number of healthy animals was very close to the number required. In this case the 
two-stage selection procedure was essentially reduced to one stage, half sib 
information was ignored and the response to selection was underestimated. With a 
disease prevalence between 5 and 25% and a heritability on the underlying scale of 
0.3 and other conditions as typical for British sheep breeding schemes, selection on 
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the disease trait alone and including half sib information on disease prevalence is 
predicted to halve the prevalence in every round. 
The effect ofprevalence and exposure on the selection response 
In Chapter 4, effects of variations in the highly standardised circumstances of the 
model in Chapter 3 are investigated, including differences in prevalence among 
flocks and variation in exposure to the disease pathogen within and among flocks. 
Variation in prevalence, other than due to variation in exposure, can have a positive 
effect on the response to selection on own performance, because healthy animals in 
the most affected flock(s) can be considered most resistant and preferably be 
selected, therefore removing some of the random selection otherwise required. When 
half sib information was used, the predicted response to selection was slightly lower 
in case of variation in flock prevalence, but always higher than for own performance. 
Less than 100% exposure of animals to the pathogen had a negative effect on the 
response to selection, but with use of half sib information, and unless exposure was 
extremely low, progress was still predicted to be over 75% of that with full exposure, 
so that considerable genetic progress can still be made even with incomplete 
exposure. 
The effect offootrot on live weight gain 
The relationship between footrot and production was investigated with data from an 
Australian trial in which deliberately infected animals were weighed on a regular 
basis. While it had earlier been shown in the same trial that heavier animals tended to 
be more severely affected by footrot (Raadsma et al., 1994), it was shown in Chapter 
5 that animals with a higher genetic merit for growth coped better with the disease as 
they lost less weight than those with a low genetic merit for growth. Footrot score 
and maximum effects on live weight gain had a negative genetic correlation 
indicating that selection for increased resistance to footrot would lead to a lower 
impact on weight gain of affected animals. 
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Heritability and repeatability offootrot 
In Chapter 6, the genetics control of footrot is investigated in British sheep and under 
British conditions. Date were analysed from animals that had been scored repeatedly 
for lesions by a team at SAC. Results were largely in line with those from Raadsma 
et al. (1994) and showed that in adult sheep lesion scores are heritable, with the h2 
typically around 0.2. A simple binary score turned out to be as effective as more 
complex traits which incorporated information on the severity of lesions. The 
repeatability of footrot lesions scores was low, i.e. not much higher than the 
heritability. This means that repeated measures or traits that combine a number of 
scores on the same animal over time will be much more effective than a single score 
per animal. An important finding was the absence of a genetic component for lesions 
scores in lambs. This implies that selection in lambs is predicted not to be effective 
and selection in ewes is predicted not to have an effect in terms of resistance of 
lambs to footrot. 
These results were obtained under commercial conditions, mimicking the situation 
relevant to a commercial selection programme. Under highly controlled or 
standardised circumstances, e.g. with deliberate infection, or when each animal's 
history with regard to cases of footrot and treatments is known, the error variation 
would be expected to be lower. The heritability of resistance to footrot appeared to 
depend on the prevalence, with higher heritabilities at higher prevalences. 
Epidemiological effects of selection for resistance 
For infectious diseases where the host species is the main reservoir of the pathogen, 
such as footrot in sheep, the host may play an important role in maintaining and 
spreading the disease. Such effects have, for instance, been shown for gastro-
intestinal parasites where faecal egg counts are an indicator trait of how severely an 
animal is affected and additionally they quantify the contribution of an animal to 
further spread of the disease (e.g. Bishop and Stear, 1999). In Chapter 7 a model was 
developed that describes the various disease states that an animal can be in, with 
regard to footrot, and the rates at which an animal moves from one state to the next. 
It is shown that the speed at which animals recover and the rate at which animals 
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infect each other (the notional reproductive rate) are the most important traits 
determining the rate of progress in terms of reduced footrot prevalence. If selection 
of more resistant animals is in fact selection for faster recovery, there can be 
important additional benefits, as this will reduce the pathogen contamination from 
the host to the environment. If the initial notional reproductive rate is close to 1, a 
small increase in the recovery rate may be sufficient to lead to extinction of the 
disease. Until the parameters required to fully describe this model are estimated 
accurately exact quantification of effects remains problematic. 
8.2 Can selection for disease resistance work? 
The potential for selecting for disease resistance is often questioned due to factors 
such as temporary effects, incomplete exposure, difficulties in diagnosis and possible 
negative correlations with production traits. However, it must first be noticed that 
this is not special for disease resistance; even for a standard production trait such as 
growth rate, there will be issues about getting the correct weight (e.g. due to gut fill), 
there will be temporary effects affecting weights, e.g. because of sub-clinical disease 
and because animals do not grow at a constant rate, while there is an undesirable 
(positive) correlation between growth rate and fat contents (e.g. Safari and Fogarty, 
2003). Considerable genetic progress in growth rates of sheep and other livestock has 
nevertheless been made (e.g. Amer et al., 2007). So while factors like temporary 
effects, incomplete .exposure, difficulties in diagnosis and possibly negative 
correlations with production traits affect selection for disease resistance, this does not 
in itself mean that genetic progress in this respect can not be achieved. The question 
is whether or not these factors are of sufficient size to seribusly reduce the potential 
of selective breeding for disease resistance. 
The analysis in this thesis has shown that, at least for circumstances investigated, 
lack of full exposure to the pathogen is not a major problem. In chapter 4 the 
accuracy of selection reduces with lower exposure, but because extensive use is 
made of relatives the reduction is less than 25%, unless exposure is very low. 
Chapter 6 uses footrot lesions as an indicator trait for footrot. Repeatabilities are low, 
confirming that diagnosis and ascertainment of an animal's resistance is far from 
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perfect, i.e. many susceptible animals are healthy at some point in time and would 
appear to be resistant. In spite of this, heritabilities are still sufficiently high to make 
genetic progress, even if based on a single observation per animal. The low 
repeatabilities mean that repeated scoring will be effective in increasing the 
accuracy. It was not possible to assess how good an indicator lesion score is for 
footrot, especially for the lowest lesion score, which may identify early stage footrot 
or scald. For the health of the animals this is not detrimental, however; in the 'worst' 
case animals would be unwittingly selected for resistance to scald rather than footrot. 
It is further noted that sheep populations were analysed over various flocks and 
years, so that it can be expected that different strains of D. nodosus were present on 
the affected farms. Again, this may have reduced the size of heritability estimates, 
but not to the extent that they become too low to be useful. 
For practical applications in a breeding scheme, it is encouraging that Kaler and 
Green (2008) conclude that 'many farmers could not name all six lesions presented 
but probably could recognise the lesion in their flock', so that scoring can be done by 
breeders with only limited additional training, and farmers in general would 
recognise reductions in prevalence that are achieved. 
The analysis of the Australian trial in Chapter 5 showed that the faster growing 
animals could in fact cope better with the disease, in terms of reduced weight losses. 
McLaren et al. (2008) also did not find important detrimental correlations between 
footrot resistance and production traits and conclude that no negative effect is 
expected from selection against footrot. 
The only aspect of concerns remains the risk of co-evolution of the pathogen. This 
was not investigated in this thesis and therefore can not be fully addressed. It must be 
noted that a proposed selection programme, based on the results presented in this 
thesis, would use continued measurements of phenotypes, and if the pathogen co-
evolved it would become apparent from the data, and automatically be incorporated 
in estimated breeding values. If the pathogen evolution leads to serious increases in 
prevalence in certain flocks, genetic evaluations will automatically identify 
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unaffected animals (and those with many unaffected 
I
relatives) in these flocks as the 
most resistant animals, thus immediately switching selection to those sheep that are 
resistant to the newly evolved pathogen. Such a reaction would not occur if selection 
were on genetic markers. 
8.3 The importance of prevalence 
The analysis in this thesis has shown a number of important effects of the prevalence 
on genetic aspects of footrot. As is well-known, the prevalence determines the 
phenotypic variance of a binary trait (which is p(1-p), with  the prevalence). A 
prevalence-dependent variance can be a problem when various sub-populations (such 
as flocks) have different prevalences. The threshold model was developed to address 
this, and chapters 3 and 4 confirm that it is successful, given that the assumption 
holds of an underlying normally distributed trait which is independent of the 
prevalence. However, in Chapter 6 it was shown that the additive genetic variation in 
this underlying trait may in fact depend on the prevalence, with the heritability being 
higher in high prevalence flocks. Biologically this makes sense, as higher disease 
burdens (leading to higher prevalence) will allow more genes to be expressed or 
expressed to a greater extent, hence leading to larger genetic differences between 
animals. Selection at low prevalence may be even less effective than predicted in 
chapter 3 and 4, so that it may be advisable to use high prevalence flocks whenever 
possible, for instance commercial flocks with offspring from pedigree animals. It is 
advisable in across flock evaluations to include a procedure to correct for 
heterogeneity of variance, including heterogeneity of the heritability. Visscher and 
Hill (1992) considered this for dairy cattle with herd specific heritability estimates, 
but concluded that the sampling errors for within herd heritabilities would be too 
large to make a practical impact. For footrot in sheep it may be possible to use 
heritabilities (and sampling errors) appropriate for groups of flocks with a similar 
prevalence. 
The theory behind the threshold model assumes a linear relationship between the 
cumulative normal distribution of the underlying trait and the observed prevalence. 
While this is generally a reasonable assumption, it becomes questionable at very low 
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(and very high) prevalences. As a consequence, a very large change in the underlying 
trait is required at a very low prevalence, to make an appreciable change in 
prevalence. This means that in intensively managed pedigree flocks - with generally 
lower levels of disease —the response to selection for resistance to footrot, while 
considerable on the underlying scale, may be disappointing in terms of prevalence. 
The same animals (and their offspring) will, however, do considerably better than 
unselected contemporaries in more extensively managed commercial flocks. 
The observed prevalence is affected by the exposure of animals, and in principle this 
would especially be an issue if animals within the same contemporary group (flock 
and season) were not equally exposed. It is shown that, assuming that all animals 
within a contemporary group have equal risk of exposure and with the use of 
sufficient information on relatives this is not a problem, unless the exposure is 
extremely low. The number of recorded relatives required can realistically be 
achieved in typical breeding flocks. 
8.4 Epidemiological effects 
With all the complications that appear to affect selection for resistance to an 
infectious disease, it is important not to overlook the potential additional returns: 
those arising from a reduction in pathogen burden that benefits both selected and 
unselected contemporaries. The epidemiological model developed in this thesis in 
principle allows quantification of this effect, and based on plausible assumptions for 
the various parameters, it appears that these additional returns may be as large as the 
direct genetic effect. The model includes a great number of parameters, and selection 
of resistant animals will change the value of one or more of these; for example 
selection may lead to animals that are less likely to get infected or to animals that 
recover quicker once infected or both. There is uncertainty about the values of these 
parameters, and the main conclusion is therefore that the focus of further research in 
this area should be on establishing which parameter(s) is (are) under selection and 
estimate values for the recovery rate and the notional reproductive rate. 
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The same model can also be used to investigate the effects of selection in more 
complex (and realistic) situations, for instance where populations are a mixture of 
ewes which are selected for higher resistance and their lambs, in which direct genetic 
progress is not expected (since the genetic variance of footrot in lambs - and hence 
the genetic covariance with footrot in ewes - is zero). Temporary changes in the 
weather that affect survival of bacteria, and management practices that concentrate 
sheep and bacteria in a small area for a limited period of time (as in gathering for 
shearing or foot bathing) and thus facilitate the spread of the disease can easily be 
incorporated in the mOdel. This may also help identify critical points for transmission 
of footrot and the most effective management practices to reduce prevalence of the 
disease. 
Where it is difficult to model the effect of certain interventions aimed to reduce the 
incidence of footrot, other management actions or temporary environmental effects, 
it is possible to predict progress of the disease using a dynamic algorithm, This 
algorithm describes the number of animals in each of the phases in the SELIRS 
depending on the numbers on the previous day as determined by the various rates, or 
as determined by management or environment. For instance, moving the whole flock 
to clean pasture on day X can be modelled by setting E0 on day X and then using 
the standard rates to predict day X+ 1. Likewise, gathering the flock in a small area 
can be modelled by assuming a higher value for the rate at which animals get 
infected for the time that the flock remains in this confined area. 
The effects of selectiOn on disease resistance on other traits in the next generation, be 
it as correlated response or in a multi-trait selection are straightforward and can be 
modelled using the genetic component of disease resistance, for. instance in a 
selection index. The relative economic weight of disease resistance needs to reflect 
both the direct genetic and epidemiological benefits of disease resistance. The long-
term response is more complicated, as the response to selection for disease resistance 
is not linear; and this would also affect the relative economic weight. The shape of 
trends for genetic and epidemiological responses as predicted in this thesis for 
univariate selection do apply for a multitrait situation, but they will generally take 
137 
longer to be achieved (there will be a positive effect of observations on a correlated 
trait), 
Epidemiological effects complicate estimation of benefits of selection, as reduced 
pathogen burdens due to selection is compounded with environmental effects - an 
unselected control line can not be kept in the same environment or it would benefit 
from selection in the other line. This also complicates demonstration of the benefits 
of selection for resistance to footrot to the industry, as it requires grazing of more 
resistant and susceptible animals in separate fields in a number of replicates. 
8.5 Practical recommendations 
Commercial sheep in Britain are mainly crossbred. Although there are many variants, 
the standard system is based on commercial ewes that are crosses of longwool and 
hill breeds (such as mules). These ewes are mated to rams from terminal sire breeds 
to produce commercial lamb (Pollott and Stone, 2006). The apparent lack of additive 
genetic variance for resistance to footrot in lambs as estimated and reported in this 
thesis, means that the main benefits from selection will be in the crossbred 
commercial ewes and in the large populations of hill breeds. Very small benefits are 
predicted from selection in terminal sire breeds, as this will only affect pedigree 
flocks. Because of their great impact on commercial ewes, selection in longwool 
breeds would be the most effective, but in practice this may be difficult because of 
very small flock sizes (Pollott and Stone, 2006) and low uptake of performance 
recording. 
In ruminants, schemes that have been successful (at least in uptake, if not always in 
results) in selection for disease resistance are those where collection of data is 
relatively easy and straightforward, such as scrapie genotypes in sheep and somatic 
cell counts in dairy cattle. In contrast, uptake of selection for resistance to gastro-
intestinal parasites in sheep has been very limited. The successes of pig and poultry 
breeders in incorporating resistance to diseases such as E. coil and Marek' s disease 
respectively, seem due to effective selection in the nucleus and greater ability to 
market the benefits to their customers. Among these examples, footrot most 
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resembles gastro-intestinal parasites, although with lower costs and lower predicted 
benefits. 
Within the constraints of the British sheep industry, and using quantitative genetic 
approaches only, the potentially most effective selection strategy for resistance to 
footrot would be to concentrate on longwool breeds and include footrot lesions 
scores of their crossbred offspring, as this would greatly increase the number of 
records and at a higher prevalence. The same recommendation applies to gastro-
intestinal parasites, and the main effort - recording of purebred and crossbred 
pedigrees in one dataset - would be common to the two diseases. 
A commercial test for resistance to footrot (based on a microsatellite marker within 
the MHC region, Escayg et al., 1997) is available in New Zealand. The owners claim 
that it can distinguish between animals with different levels of resistance, so that 
under high infection pressure 7 t 19% of offspring of the most resistant rams will be 
affected by footrot against 22-83% among offspring of the most susceptible (Lottner, 
2006). The limited number of scientific reports available, however, are not 
unequivocally supportive (LOttner, 2006; Abbott et al., 2007). A project investigating 
the test in Britain as well as extending it to give a more comprehensive coverage of 
the MHC region is currently underway, but it seems unlikely that one simple marker 
test will eliminate, or even substantially reduce prevalence of footrot. 
The best opportunity for resistance to endemic diseases such as footrot and gastro-
intestinal parasites may therefore be their inclusion in genomic selection programmes 
(Meuwissen et al., 2001). If such programmes were implemented in Britain, the 
potentially high economic (and animal welfare) benefits of resistance to disease 
justify their inclusion, while various estimates confirm that there is considerable 
genetic variation that can be exploited. Phenotypes to support such schemes would 
include repeated lesion scores on adult sheep of longwool and hill breeds, and 
preferably under high challenge. Scoring would need to repeated after a few 
generations, among other reasons to verify that pathogens have not adapted to the 
resistance in the host. 
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Currently genomic selection schemes for livestock are most advanced in dairy cattle, 
where they use large (and well-recorded) paternal half sib families and take 
advantage of there being a very limited number of commercial breeds who also have 
small effective population sizes. One major advantage in dairy cattle is that genomic 
selection would dramatically reduce the generation interval, as it makes progeny 
testing redundant. This model can not be copied straight away to sheep. 
Australian research in the area of sheep genomics is based on nucleus flocks of large 
size (thousands of animals) that are extensively recorded for other purposes. The 
additional costs of genomic selection are therefore limited (to genotyping rather than 
phenotyping), while progress can be made in a great number of traits 
(http://www.sheepgenomics.com!, http://www.sheeperc.org.au!, Julius van der Werf 
personal communications, Ben Hayes personal communications). This example 
could be followed in the UK, and include footrot as one of many traits, through the 
creation of a nucleus flock of longwool sheep. This flock could be considerably 
smaller than in Australia, because of the smaller total population size for longwool 
breeds. The extent to which results would be applicable to other breeds will remain 
to be seen, but this should improve with denser coverage of the genome. 
8.6 General conclusions 
Footrot is a disease of economic importance showing additive genetic variability. 
Selection for resistance can be effective if based on simple binary scores, especially 
if animals are recorded repeatedly. Use of information on relatives will increase the 
accuracy of selection and greatly reduce the effects of incomplete exposure to the 
disease among animals and flocks. The response to such selection can be predicted 
with an approach developed specifically for binary traits, which also covers 
situations when exposure to infection is variable. Selection for resistance is expected 
also to result in animals that can better cope with the disease, in terms of reduced 
weight loss. A new epidemiological model predicts likely responses to selection, 
showing a considerable additional decrease in the prevalence of footrot compared to 
purely genetic predictions. It is concluded that in principle selection for increased 
140 
resistance to footrot can be expected to be successful in reducing costs of the disease 
to the British sheep industry. In practice, the best route to capitalise on this potential 
may be to include footrot in genome wide selection programmes based on 
extensively recorded nucleus flocks. 
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